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Pre/oce to the Third Edition 


Both the first edition of Physical Geology (1932) and the second edition 
(1939) had a gratifying reception in numerous colleges and imiver^ties. 
llirough continued use of the book in our own teaching, and throuid^ 
'Suggestions kindly offered by other users, we came to recognize that 
many parts of the treatment were in need of improvement. ']'*he present 
revision has not invoh'etl radical changes in major organization of the 
subject matter. A new unit, Chapter 2, has li(^n addcnl, the entire text 
has been critically analyzed, considerable sections of chapters hay© been 
reorganized and rc^east, and significant new data anil concepts have 
been incorporated. 

Nearly all instruct ore adapt a textbook to their own ideas of tlie most 
desirable order, emphasis, and method of presentation. This is alif>' 
gethor commendiible; textbooks should be accepted not as rigid codes, 
but rather as aids in teaching, to he used w ith any deaire»d flexibility. 
Whatever order of subjects is adopted, however, the authors are con¬ 
vinced that beginners In geology require at the start considerable orien¬ 
tation, to acquaint them with the major goals, the methods, and the 
basic outlines of a vast and unfamiliar field of knowledge, l^'dcmentary 
students can nut be expected to aexiiiiro at once any adequate compre¬ 
hension of geologic time; nevertheless this essential concept should be 
brought to their attention early and emphasized repeatedly throughout 
the course. Tlic evolution of h>q^otheses into natural laws shoxild be 
explained, with particular application to geologic problems now under 
attack. Geologic processes dependent on energy derived from the Sun 
should be differentiated from those reflecting internal forces, and the 
interaction between the two sets of processes should be pointed out. 
Unless the student is given a satisfactory preview of these and other 
major concepts, he is in danger of losing perspecjtive in a maze of details. 

These considerations have prompted an amplification of the intro¬ 
ductory, orienting material in the text, by addition of the new Chapter 2. 
Transfer t»o this chapter of topics related to crustal movements serves a 
dual purpose.* (1) the concept of isostatic balance in its telation to de¬ 
formation of the Earth's crust provides an excellent illustration cS the 
scientific method as applied to a geologic problem; (2) early iniroduction 
of this concept will give the student better comprehension of tto tefer- 
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enees to uplifts and depressions of the land that are unavoidable in 
discussions of land sculpture, sedimentation, and other gradational 
processes. Once the significance of isostasy is grasped, it can be used 
as a logical working principle throughout the course. The interrelation 
of external and internal forces is so intimate that there can be no in¬ 
telligent disc\ission of one set of forces and its effects without reference 
to the other set. 

As in the earlier editions, definitions and elementary descriptions of 
all minerals and rocks considered in the text are brought together in 
appendices. This segregation A(y^ not belittle the importance of highly 
essential subject matter. On the contrary, th(' de^dce serves a useful 
purpose that is twofold: it removes a considerable amount of bare defini¬ 
tion and description from the body of the book, which can then be 
devoted more effectively to discussion of geologic processes and problems; 
and it concentrates, in the form of a short manual, the elementary 
explanations ret|uired for laboratory study. The arrangement can be 
adapted to varied plans that are usced in beginning courses. It is par¬ 
ticularly suited to the general program of a coiii'sci that is suggested by 
the sequence of topics in the present edition of the textbook. This 
program, in brief outline, is as follows: 

(1) Several exercises, including as much discussion as possible, d(i- 
voted to a broad outline of physical geology, its viewpoints and methods, 
its objectives—both practical and philosophic, some major conclusions 
already attained, some outstanding problems now under attacik. 

(2) Study of common minerals and rocks, chiefly in the laboratory, 
using all available time until students have sufficient familiarity with 
the materials of the Earthcrust to comprc»hend the (effects of geologic 
processes. 

(3) Analysis of the grariational processes—erosion and sedimentation. 

(4) Analysis of effects of internal for(‘es—ligneous activit 3 ", deforma¬ 
tion, metamorphism. 

(5) Explanation of land forms as joint products of internal and 
extiornal forces. 

(6) Mineral deposits. 

As much field and laboratory study as possible or desirable ivill form 
part of the program. 

In the presc3nt revision of the book, improvement of the illustrations 
has received particular attention. Most of thes diagrams are either 
revised or wholly new, and many of the halftones are from new copy. 
Photographs in which small details have critical value are reproduced 
at “bleed^' size. 
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Cdloted photographs have large value in geolot^o teaching, since 
tones of color bring out critical features and give a sense of reality ttot 
is largely lost in black-and-white views. It is not practicable to print 
numerous colored views in a textbook because of the Imge cost. How¬ 
ever, the publishers of Physical Geology have provided a large set of 
Kodachrome slides showing geologic features that illustrate nearly all 
aspects of the subject. This set, accompanied a manual wh^h keys 
the slides directU'' to paiticular topic^ in the present edition, should be a 
valuable supplement in classroom presentation. 

Direct responsibility of each author in preparing the third edition of 
the book is indicated as follows: 

Chapters 1,2, 3, 4, 10, In, 16, 18,19, and Appi^ndix D by LongWcU. 

Chapters 5, 6, 7, 8, 9, 11. 20, and Appendix G by Flint. 

Chapters 12, l.% 14, 17, 21, and Appendices A and B by Knojrf, 

Althuugti ackno'vlwlgment is made with each we wish to 

emphasize our gratitude to individuals and organizations for the of 
illustrative material. In thanking numerous friends who gave help'm 
improving the text, we are especially grateful to our cMjlleaguc, Dr. 
.John Rodgers, whose constructive suggestions applied to nearly all 

chapters. CRB 

A . K. 

R. F. F. 


New 1L4VKN, Conn., 
June, 1948 




Vreface to the Second Edition 


In the seven years suice the first edition of Physical Geology was 
published the authors, througli use of the book in their own teaching and 
from discussion with other teachers, have come to realize that some 
parts of the treatment should be ret'ast and strengthened. Furthermore, 
during these years a large volume of fresh geologic literature has ap¬ 
peared, and distinct advances in several aspects of geology have been 
made. 

The general idan of the book remains undianged. Two new chapters 
have been added: (Chapter 3, wliich gives particular attention to liighly 
important movements such as creep and lundsliding, aU of which are 
included in the suggfjsted term iruvus-wnding: and (liaptcr 5, in which 
the sculpturing of the lands by running water is treated as a unit, follow¬ 
ing a discussion of the principles of stream actirm in the preceding 
chapter. All the chapters huve b(ien thoroughly revised, and several 
have been completely reorganized. 

Numerous cross-references are employed, with the object of coordinat¬ 
ing the subject miittcr and eliminating needless repetition. Tho prac¬ 
tical aspects of geology, such as ils relation to soil conservation and 
industrial devolopmeiits, are given particular attention. Technical 
terms have been eliminated as far as .seems consistent with effective and 
clear treatment. Many new reading references are listed, and new field 
results are cited to illustrat e principles. A special effort has been made 
to improve the illustrations: some of the figures used in OulMms of 
Physical Geology are included, as well as numerous photographs and 
diagrams that arc new. 

Because of the two new chapters, tho nuraljering of chapters is con¬ 
siderably different from that in the first erlition. Direct responsibility 
of each author is indicate.d as follows: 

Chapter 1 by Knopf and Longwcll. 

Chapters 2, 3, 9, 14, 15, 17, 18, and Appendix D by Longwell. 

Chapters 4, 5, 6, 7, 8, 10, 19, and Appendix C by Flint. 

Chapters 11, 12, 13, 16, 20, and Appendices A and B by Knopf. 

Although acknowledgment is made with each figure, the authors wish 
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to emphasize their gratitude to individuals and organizations for 'Uie 
use of illustrative material. 

C. R. L. 

A. K. 

R. F. F. 

Naw Haven, Conn., 

Janvary, 1939 



Pre/ace to the First Edidon 


Three years ago the writers helped revise Part 1 of the TekiBb&G^ (jf 
Geology by Pirsson and Sehuchert. Extensive changes were made 
throughout, and several chapters were entirely rewiitten; but as the 
revised book remained under the authoi'ship of the late Professor Pirssoii, 
the revisers felt an obligation to retain as nearly as possible the original 
method of presentation, l^he present volume, which embodies not only 
ideas of organization and presentation developed by the vork of revision 
and by coastant use of the revised text, but also much new material, is 
the avowed successor to Pirsson’s book. Probably the most valuable 
inheritence is the balance l)etween subjects for which the original book 
has Ijeeii widely (Himmeiided, The gc^neral order of the final revision is 
retained, and in a few chapters some parts of Pirsson's scheme of pres¬ 
entation have been used, but only where they (*ould l)e e£fe(itively 
adapted to the general plan of the present authors. 

'Fhe organization of the subject matter assumes that students who use 
the book begin their study by making an acquaintance with the common 
minerals and rocks. This approach to the study of geologj" appears to 
be fundamental, since the operation of geologic processes, for example 
weathering, can not be appreciated without some knowledge of the 
materials involved. In tlicir elementary course the authors devote a 
considerable time to a practical study of minerals and rocks bcfoi-e 
taking up any of the processes. For such a prelimmar>" study the 
student needs adequate descriptions arranged in convenient form. To 
meet this need the present volume offers in two appendices the defini¬ 
tions and elementaiy descriptions of all the minerals and rocks con¬ 
sidered in the text. Another appendix gives an introduction to the study 
of topographic maps. Such a special arrangement doc^s not in any way 
obscure the imporiiince of highly essential subject matter. On the 
contrary, the device serves a twofold useful purpose: it brings together, 
in the form of a short manual, the elementary explanations needed for 
laboratory study; and it removt^s a considerable amount of bare defini¬ 
tion and description from the body of the text, which can then ho devoted 
more effectively to the discus.sion of geologic processes and problems. 

Preparation of the introductory chapter has received particular atten¬ 
tion, since physical geology usually is the introduction to geology as a 
whole and therefore the student needs an orienting statement to acquaint 
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him with the scope and tlie general viewpoint of the subject. The his¬ 
torical aspect of geology needs emphasis^ and this purpose is served by 
sketching briefly the aKstronomical setting of the Earth and by implanting 
at once the concept of the immense lengtli of geologic time. A large 
advantage is gained if the student can be made to appreciate at the 
outset that geologic features are studied not merely for their own sake 
but more particularly for the history they reveal. 

With this keynote in mind, the attempt is made throughout the book 
to keep to matt.crs that have a direct bewaring on geologic history. The 
authors consider it a mistake to use the limited space in an elementary 
text for the exposition of scientific mattei*s not directly a part of geology, 
however interesting they may be m themselves. For this reason the 
discussion of weather, of which at Ijest oiil)^ a smattering can be given 
in a geologic text, has Ix^en abandoned. Similarly a detailed discussion 
of the me<dianie.s of glacier motion, which has inherent interest but is 
not essential to an understanding of land sculpture by glaciers, is dis¬ 
pensed with. 

In brief summary, some of the outstanding features of the new book 
are the following: Weathering is treated as a unit subject, and its relar- 
tion to general erosion is made clear. 

The chapter is not entitled “Work of the Atmosphere/' l>ecaiise all 
gradational proce.ss(\s, including stream erosion and glaciation, depend 
either directly or indirectly on the atmosphei'e. The importance of 
climate in dcUmnining soil types, sis demonstrated by reci^nt resc^arcli, 
is emphasized. Wind action is discu.ssed in a separate chapter, since 
the common practice of c*orabiiiing the .subject with weathenng leads to 
confusion. In the discus.sion of stream work the exj)lanation of the 
erosion cycle under different chmatic. conditions is given more cmpha.sis 
than in the final edition of the Pirsson textbook. The discussions of 
glaciation, igneous geology, and raotamoiphi.sm are revised to t.ake 
account of the most recent data. Modem researches in .seismology, and 
particulars^ the late work on near earthquakes, are considered in the 
chapter on the Earth's interior. The relation of gotiogic i)rocosses to 
landscapes has been given special attention in nearly every chapter. 
As in the final edition of the Pinsson text>)ook, the treatment of the more 
complicated aspects of land forms is deferred until deformation and 
other processes have been explained in detail; but the old treatment 
has been entirely reorganized t.nd much new material has been added. 
The final chapter gives a discussion of coal and petroleiun, in addition 
to a short treatment of ore deposits, and it emphasizes that our under¬ 
standing of these mineral resources depends on geologic principles 
developed etirlier in the book. 
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Disciussion of many major subjects in geology leads quickly into the 
fields of inference and theory. Some elementary textbooks, probably 
for the purpose of simplifying and Lshortening the troivtment of debatable 
matters, make dogmatic statements not warranted by existing knowh 
edge. In the opinion of the present writei's this practice docs a disservice 
to the science. l?lie teaiher loses nothing by stating frankly what is 
not known; on the contrary he can in tliis 'W'ay gain the student’s confi¬ 
dence and stimulate his interest. Tlie cfuisc of rock exfoliation has 
not yet been proved; we can not give any quantitative evaluation of 
wind erosion; the origin of igneous rocks and the causes of cnistal move¬ 
ments arc great mysteries. Since almost cv^ery aspect of geology teems 
with fascinating problems, why sliould an vilcinentary text give the false 
impression that most of the Earth's secrets are known? It is the aim of 
the present volume not only to state the essential facts of physical 
geology, but also to indicabj the limits of knowledge and to direct the 
student’s attention to the vast field awaiting exploration. 

Most of the illustrations used are now. Numerous block diagrams, 
specially drawn for this book, are employinl to e.xplain the genesis of 
structural features and land fonns. None of the figuress arc used simply 
for embellishment; all have been chosen for their geologic significanc'c. 
Duplication is avoided hy reft*rring both forward and backward to 
figures that illustrate more than one subject or principle. Special care 
has been used in preparing the legends of the illustrations, with the 
purpose of cente*riiig attention on significant featunw and making the 
figun^s intclligibk? without direct reference to the U*xt. 

With the idea of welding the chapters together and sliowing the 
interrelation of various subjects, cross-refcvrniccs aiv used freely through¬ 
out the book. 

Direct responsibility of ear'h author in pn'parhig the text is indicated 
in the following division by chapters: 

(^hapter 1 by Knopf and Longwell. 

Chapters 2, 7, 12, 13, 15, 16, and Appeiirlix D by LongwelL 

Chapters 3, 4, 5, 6, 8, 17, and Appendix (' by Flint. 

Chapters 9, 10, 11, 14, 18, and Appendices A and B by Knopf, 

The authors are under obligation to many individuals and orgtiniza- 
tions for the use of photographs. Proper acknowledgment is made with 
each halftone. q l 

A. K. 

R. F. F. 

New Haven, Conn. 

January /, 1932 
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Chapter 1 

GEOLOGY, THE SCIENCE OP THE EARTH 

The Bcienro of geology strives for the full answer to questions about 
the Earth and its history. What are the materials that compose the 
Earth, not merely in its outer part but also in the deep interior? What 
is the meaning of mountains and other lamlseape features? How and 
when did the Earth itself oiiginate, and what has been.the full story 
of life in its many forms? The philosophers of the ancient world wres¬ 
tled with these proi)leinB, although tlicy contributed little of lasting 
value to the science; geology had its first consistent development in 
modern times, with the advance of science generally. The practical 
jiroblems of mining stimulated the development of modem geology, but 
the growth of the science to its pmsent substantial proportions was 
largely the result of the intellectual curiosity of the human mind. The 
principles thus discovered have been applied to })ra(“ti(“al ends, and 
geology has repaid a thousandfold its early debt to mining. 

Geology enlists all the other natural seienees—^[ihysicR, chemistry, 
astronomy, and biology—in examining the vaiious aspi'cts of the Earth 
and its history. A fitting introduction to the study considers the evi¬ 
dence from ahtronoinj" as to the place of the Earth in the universe. 

The E.\RTn as a Member op the Solar System 

The Earth is one of a group of nine known planets that revolve around 
a common central orb, the Sun (Fig. 1). Some of tlicni, like Jupiter, are 
much larger than the Earth; some, like Mercury, are smaller. Two are 
nearer the Sun, the others are farther away: the distances range from 
about 25 million miles for Mercury to thousands of millions of miles 
for the three outermost planets. They all revolve around the Sun in 
nearly a common plane, 'which is slightly inclined to the Sun’s equator, 

The mass of the Sun is 332,000 times that of the Earth.., All the 
planets and their satellites combined make up only a small fraction of 
1 per cent, in mass, of the Solar System. The Sun contain? cpiisjideiably 
more than 99 per cent of the total mass, and therefore it is the over¬ 
whelmingly dominant member of the system. Carrying with it the 
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planets and their moons, the comets, and the asteroids, the Sun is 
traveling through space at the rate of 121 miles a. second, almost directly 
toward the bright star Vega. 

The Earth, tlberefore, is a very insignificant fraction of the Solar 
System, and for that matter the Solar System itself is but an insignifi¬ 
cant fraction of the universe. The Sun is a modest star in a stellar 
system whose members are numbered in thousands of millions. At 
immense distances beyond this system—^^‘our galaxy” as it is currently 
called in astronomy—are other galaxies, i)iTlmps a hundred million of 
them, which are gigantic systems comparable to ours in size and in 
number of stars. Some of these systems are so remote that the light 



Fjg. 1. Planets revolvp about tho Sun aJmo.st in the .saiiie plane, and all in the Mime 
direction, as suggested by the orbits of three of them. The orbits are uearl> circular, but 
in the figure they appear strongly elliptical because the observer is looking down upon 
them obliquely. The diagram is not drawn to scale. 

from them, traveling 186,000 miles a second, takes hundreds of millions 
of years to reach us. Nevertheless, throughout this vast extent of space 
the same general physical laAvs that we know on the Earth hold sway. 
Gravitation operates in the same manner; light is transmitted every¬ 
where by vibrations of the same kind; the spectroscope tells us that the 
same chemical elements occur in the Sun and the distant stars as on our 
Earth. Moreover, the meteorites that our planet gathers in its journey 
through space are made of substances identical with those found on the 
Earth. The processes at work in the Sun and stars, however, far exceed 
ill intensity those active on and in the Earth, because of the enormously 
greater temperatures and pressures that Nature has at her command in 
the stars; but they do not differ in kind. Consequently there is a unity 
of law and a uniformity of material throughout space, and we feel 
justified in assuming that facts and reasoning derived by astronomical 
study of the other heavenly bodies can also be applied in the study of 
the Earth. One of the most impressive demonstrations of this prin¬ 
ciple was afforded by the discovery of helium: first recognised as a con¬ 
stituent of the Sun, 93 million miles away, this element was found 
nearly 30 years later on our planetw 
The Earth and the other planets were bom of the Sun,^ as has been 
refiognized since the lattes* half ol the eighteenth ceniui^ W'hen the 
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nebui^T hypotheses of Kant and Laplace were formulated. How the 
incandescent matter from the Sun came to form the planets ia a prob¬ 
lem on which ideas are still far apart. The birth time of the Barth 
was at least 2000 million years ago, and since then the Earth has con¬ 
tinued to have an eventful history, which it is the s])erial task of 
geology to decipher. The record of a vast span of time is written in 
the rocks which make up tlie visible portion of the planet’s outer shell. 
Just as in human history, so in the Earth’s history, the earlier records 
are scarce and nearly illegible, but the later records are much more 
abundant and more easily read. That portion of the Earth’s history 
which is written in the rocks is referred to as geoJogic time. For this 
portion of the history we have positive information, and no matter 
how fascinating sjjeculations concerning the Earth’s origin may ap¬ 
pear, the foundations of geology do not rest on them; on the contrary, 
the most })robal)le fact concerning the origin of the Earth, that it was 
born at least 2000 million years ago, rests on geologic evidence sup¬ 
ported by llie study of radioactive minerals found in the Earth’s crust. 

The geologic record shows that the Sun has been supplying light and 
heat to the Earth at a nearly unifonn rate during hundreds of millions 
of years. Prior to the development of nuclear physics in the present 
century, the sciences could not adequately explain how the Sun has 
b(*en able to maintain this prodigal expenditure of energy. It is now' 
thought that its fires are stoked through atomic energy in the building 
up of heavier from lighter chemical elements. According to one repu¬ 
table thet)ry, niurli of the heat is released during the development 
of helium from hydrogen, with carbon playing an essential part as 
catalyst. 


MA.roR Divisions and Features of the Earth 

Form of the Earth. Quite aside from its surficial irregularities, the 
Earth is not a true sphere; it is a spheroid flattened at the poles, so that 
the axis on which it rr)tateB is shorter by about 27 miles than the equa¬ 
torial diameter. This equatorial bulging of the Earth, as well as that 
of the other planets, is fully explained by the principles of celestial 
mechanics. It depends on the centrifugal force due to rotation and on 
the internal constitution of the planet (Chap. 18). 

Atmosphere and Hydrosphere. The solid body of the Earth has 
two envelopes which are of the utmost importance in geology. One of 
thes6j the is made up of gases; it extends m appiWiahle 

quantHy more than 100 miles above the ^rjace of the lands, but; m the 
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outer part the gases are extremely rare. Although the material in the 
atmosphere makes a very small percentage of the entire Earth, it is one 
of the most important geologic agents because of its chemical and 
physical activity. Oxygen and carbon dioxide are active ingredients 
that play extremely important roles in geology. The more abundant 
nitrogen has little chemical activity. 

The other envelope, the hydrosphere, is not continuous, althougli the 
sea covers nearly three-fourths of the Earth’s surface, and water is 
widespread on the lands also, either in lakes and streams or filling 
openings in the soil and in bedrock. So vast is the volume of water 
that, if all surface inequalities of the globe were leveled off, the sea 



Tig. 2. Segniont of tho Earth, Bliowiiig major featiirrh of rchof The vertical scale le, 

greatly exaggerated. 


would be universal, with a depth of more than a mile and a hall. 
Water, with the aid of the atmosphere, has been the most powerful 
agent in causing changes on the surface ol the lands throughout geo¬ 
logic time. 

In general, the light gases nf the atmosphere overlie the denser w^ater 
of the hydrosphere, which in turn lies above the much denser material 
of the solid Earth. Owing to the irregular surface of the gloiie, large 
areas project above the hydrosphere and are directly accessible to 
observation. 

Continental Masses and Deep-Sea Basins. Of the 197 million 
square miles making uj) the surface of the globe, 71 per cent is covered 
by the interconnecting bodies of marine water j the Pacific Ocean alone 
covers half the Earth and averages near 14,000 feet in depth. The 
continents —Eurasia, Africa, North America, South America, Australia, 
and Antarctica—are the portions of the continental mnsj^es rising above 
sealevel. The submerged borders of the continental masses are the 
continental shelves, beyond wdiich lie the deep-sea basins (Fig. 2). 

The oceans attain their greatest depths not in their central parts, but 
in certain elongated furrows, or long narrow troughs, called deeps 
(Chap. 11). These profound troughs have a peripheral arrangement 
(Fig. 2), notably around the borders ot the Pacific and Indian oceans. 
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The position of the di^ps neftr the continental masses suggests that the 
deeps, like the highest mountains, are of recent origin, since otherwise 
they would have been filled with waste from the lands* This suggestion 
IB strengtliened by the fact that the cfeeps are frequently the sites of 
world-shaking earthquakes (Chap. 16). For example, the “tidal wave” 
that in April, 1946, caused widespread destruction along Pacific coasts 
resulted from a strong earthquake on the floor of the Aleutian Deep. 

The topography ^ of the ocean floors is none too well know'n, since in 
great areas the available soundings are hundreds or even thousands of 
miles apart. However, the floor of the Atlantic is bei^oming fairly well 
known as a result of special surveys since 1920, A broad, well-defined 
ridge—the Mid-Atlantic ridge—^runs north and south between Africa 
and the two Americas, and numerous other major irregularities di¬ 
versify the Atlantic floor. Closely spaced soundings show that many 
parts of the oceanic flo(»rs are as rugged as mountainous regions of the 
continents. Use of the recently perfected method of echo sounding 
(Chap. 11) is ra])idly enlarging our knowledge of submarine topogra¬ 
phy. During AA'orld War II great strides were made in mapping sub¬ 
marine surfaces, particularly in many parts of the vast Pacific basin. 

The eontineriTs stand on the average 2870 feet—slightly more than 
half a mile—above sealevel. North America averages 2360 feet; 
Europe averages only 1150 feet; and Asia, the highest of the larger 
continental subdivisions, averages 3200 feet. The highest point on the 
globe, Mount Everest in the Himalayas, is 29,000 f**et above the sea; 
and as the greatest known depth in the sea is over 35,000 feet, the maxi¬ 
mum rehW (that is, the difference in altitude between lowest and high¬ 
est points) exceeds 64,000 feet, or more tlian 12 miles. The continental 
masses and the deep-sea basins are relief features of the first order; 
the deeps, ridges, and volcanic cones that diversify the sea floor, as well 
as the plains, plateaus, and mountains of the continentfl. are relief fea¬ 
tures of the second order. The lands are unendingly subject to a com¬ 
plex of activities Bummarized in the term erosion fiJ 29), which first 
sculptures them in great detail and then trends to reduce them ulti¬ 
mately to sealevel. The modeling of the landscape by weather, run¬ 
ning \cater, and other agents is apparent to the keenly observant eye 
and causes thinking pe<jple to speculate on what must be the final result 
of the ceaseless w^earing dowm of the lands. Long l>efore there was a 
science of geology, Shakespeare wTote “the revolution of the times 
makes mountains level.” 

1 Topography relates to the surface forms of an area, .such as heights, depres* 
sioDS. and slopes. See Appendix C. 
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The ori^n of the continental masses and the deep-sea basins is still 
an uiublved problem. Have they existed in their present form and 
position since the beginning of geologic time? Have deep-sea floor and 
land changed places? If the continents have been permanent features 
of the globe for some 2000 million years, or even for a much smaller 
span of time, why have they not been worn down to or below sea- 
level? Manifestly there is some restorative force acting from 'within 
the Earth that counteracts the destructive effects of erosion acting from 
without the Earth. To these questions we shall return in later chapters. 

Rocks, the Primary Documents of Gf^logy 

The outer zone of the Earth—^the zone on which we live and the one 
directly accessible to our observation—is generally known as the crunt. 
There is some objection to this term, because it is inherited from an 
obsolete hypothesis, which erroneously assumed that all tlie Earth ex¬ 
cept a thin outer shell is molten liquid. However, *^crust’’ is a con¬ 
venient and popular term, and we shall use it with the understanding 
that it does not suggest the condition and origin of the Earth’s interior 
(Chap. 18). 

Any understanding of the Earth must begin with some knowledge of 
the substances that compose it.^ We can of course examine directly 
only a thin rind of the globe, and therefore all information about the 
vast interior portion must depend on indirect evidence. However, our 
most active interest lies in the part tliat can be explored directly; and 
this part in itself provides an almost limitless field af study. It is a zone 
composed of rocks and their constituent minerals. Even to the casual 
observer it is evident that these materials, exposed in cliffs or in road 
cuts, tunnels, and other artificial excavations, are highly varied in char¬ 
acter; and accordingly it may appear that only a specialist can hope 
to gain any adequate acquaintance with rocks. Fortunately, rocks of 
relatively few types make up tlie greater part of the Earth that is 
visible, and therefore any educated person can learn without great 
difficulty to recognize most of the rock masses he may see in the Alps, 
the Rocky Mountains, or elsewhere in his travels. A study of varia¬ 
tions in rock types or of the more detailed features in minerals must of 
course be left to men specially trained for the task. 

1 Some familiarity with the common minerals and rocks, to be acquired from the 
descriptions in Appendices A and B (pp. 546, 560) and from lahoraioi-y study of 
typical specimens, is essential for understanding the processes discussed in the 
following chapters. 




HAWAIIAN VOLCANO OHBBIlVATOIY. 

Fig 3 Igneous rock m the making The dark-colored rock $s solidified lava; the 
tthite band ts a stream of fiutd laia, fiomng toward the obsener The Altka 
fiow, M/itma Loa volcano ^ 1919, 


The practical vahie of knowing the various kiruls of rocks is readily 
apparent ironi the viewpoint of the professional geologigt or Uic mining 
engineer. In the search for ores and for petroleum, in the selection of 
sites for great dams to make storage reservoirs, or in construoting an 
intricate subway system fur a large city, kiiovvledge of rocks and their 
peculiarities is a vital necessity. But there is a much broader interest 
in the subject—an interest felt by every iinelhgent traveler. A visitor 
to the slopes of Vesuvius or of Mauna Loa sees masses of dark, slaggy 
rock. It is fairly obvious, even if fluid lava is not actually seen, that 
this dark material was once liquid and flowed do\^n the slopes as a red- 
hot stream (Fig. 31. Continued investigation would convinee the trav¬ 
eler that the '^fire-made” nr igneom rocks are common in many lands 
and have been formed at many different dati^; they constitute an im¬ 
portant part of the bedrock beneath us In fact, grrinffe, which is over¬ 
whelmingly the most abundant type of rock in the foundations of the 
continents, w^as made, during various periods of geologic time, by slovr 
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cooling and solidification of liquid rock material deep beneath the 
Earth’s surface. Therefore the igneous rocks, recognized as one of the 
main classes of rocks in the Earth’s crust, are of two general kinds: 
(1) those formed on the Earth’s surface, from molten material forced 
up from the depths; and (2), those formed beneath the surface, some 
of which have been exposed to view by long-continued erosion (Fig. 
198, p. 290). 

Again, a brief examination in parts of the Andes, the Alps, or other 
high mountains reveals layers of compacted sand and mud that include 
an abundance of sea shells. These ancient shell-bearing rocks have 
modern equivalents in the muds and sands of river deltas and on sea 
floors. Wind, water, and other agents are constantly moving and 
spreading out rock fragments or Hedirnenttiy which in time become com¬ 
pacted and cemented to form the sedimejitary rocks (Fig. 11; Chap. 
12). Three-fourths of the land area of the Earth is directly underlain 
by rocks of this kind. In most places, however, these rocks form a 
comparatively thin cover—a few hundreds or thousands of feet thick— 
lying on rocks of otluT kinds, predominantly granite. The sedimentary 
rocks reveal important events in the Earth’s history, because they con¬ 
tain remains of plants and animals and also many other features that 
give a record of conrlitions existing when the rocks were formed. 

In the cores of old mountain ranges, and also around the borders of 
igneous masses, there are rocks of another class known as the viefa- 
morphi(\ These rucks, originally either igneous or sedimentary, have 
had their original characters greatly changed by temperature, pressure, 
and other fact-ors acting within the Earth’s crust. •Metarnorphic rocks 
commonly are strongly banded (Fig. 282, p. 430), and some, such as 
slate, can be readily split into thin sheets or flakes. Hocks subjected 
to very higbiemperature or to extreme pressure have had their primary 
characters entirely obliterated, in which case it may be impossible to 
tell whether the rocks were originally igneous or sedimentary. 

In summary, all the rocks in the Earth’s crust are grouped, according 
to the way they were formed, into three main classes: igneous, sedi¬ 
mentary, and metamorphic rocks. 

The Viewpoint op Geology 

The grouping of rock masses according to the mode and place of their 
origin is the first step in the fascinating task of unraveling the ancient 
history of a region. In all its many aspects, the study or practice of 
geology recognizes this fundamental interest in past events. But just 
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as the jiToper understanding of human liistory requires some knowled^ 
of present-day social, economic, and political conditions, so the d6»* 
ciphering of events in the geologic past demands an acquaintance with 
processes still operating on and within the Earth. Rocks are not inert 
monuments to conditions and forces that no longer exist. At active 
volcanoes we may observe all stages in the development of new rocks 
from molten materia] (Fig. 3). In the muds of river deltas and on sea 
floors we find the modem equivalents of ancient beds, now gieatly dis¬ 
torted and eroded, which furnish the shells and other fossils so common 
in liigh mountains and plateaus. Rivers, glaciers, and otlier surface 
agencies are etching and slowly wearing away the lands. In scmie 
continents the land is being lifted up at a rneasuiable rate, and there is 
evidence that some mountains are actively growing. Thus we are actual 
witnesses to a constant struggle between titans: some that W'ork at the 
surface, striving to tear dr»wn the rocky continents, and others within 
the Earth that persistently oppose the leveling process. Rocks are be¬ 
ing destroyed anti others are forming to replace them. Activities that 
can be seen and analyzed have been i»ersistent throughout geologic 
iiiuc, and accordingly we may use the present as a key tcj the past. It 
is the conclusion of infulern getdogy that the great mountain ranges, 
deep canyons, and other major features of the Earth came into existence 
nut through great rataatrophes, but as the cumulative results of ordi¬ 
nary processes still active, operating slowly through cnonnously long 
intervals of tiin(' For example, some people who are not acquainted 
with geology suppose that the fIrand Canyon of the Colorado River, 
inf)re than a mile in depth and 2(K) miles long, is a great crack in the 
Earth, formed abruptly at the time of a violent earthquake. Geologists 
arc convinced that the canyon was fashioned slowly, during a long in¬ 
terval of time, through the cumulative effects of erosion by running 
w^ater, which is still in operation. This ctmeept, that major features of 
the Earth have been developed through long-continued, nearly uniform 
action of forces now operating, is known as the uniforiiniUvi'mn prin¬ 
ciple. It is less spectacular than views of the cataHtrophustSf but it is 
firmly established by a great body of geologic evidence. 

The broad, philosophical aspect of gp<)logy rests on a secure founda¬ 
tion only because of patient effort by generations of workers in all 
lands. A vast array of field evidence has been accumulated. The great 
mountain ranges have been fruitful fields for geologic investigation, 
since they furnish the finest exposures of rock formations. But no 
sources of information are neglected. Geologic features everywhere are 
examined closely in the field and represented accurately on maps. 
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Mines give opportunity to explore beneath the surface, and deep wells 
drilled for water or oil yield valuable data. Samples collected from sea 
floors in many parts of the world reveal diverse kinds of deposits that 
are accumulating to form sedimentary rocks of the future. Modem 
instruments devised to record earthquake waves and to measure values 
of gravity have made it possible to draw important conclusions regard¬ 
ing the invisible interior. Slowly but surely the Earth is giving up 
many of its secrets to the inquisitiveness of man. 

Of necessity, a field so broad as the study of the whole Earth calls 
for a division of labor among specialists. One branch of the study 
(atra-tig'ra-yhy) is devoted chiefly to the rock formations laid down in 
former seas, lakes, and streams; another (pe-troUo^gy) to the character 
and origin of rocks of all kinds; a third {economic geology) to tiie 
mineral veins and other deposits of economic value. Other special 
branches of gct>l()gy are coneerned with the deformation of rocks by 
folding and fracturing {Htructnral geology^, the various land forms 
sculptured by surface agencies {geomorphology) j the fossils entombed 
in rocks (paleontology], and the minerals that make up rucks of all 
kinds (mineralogy). A general introductory study can attempt only 
a survey of methods and conclusions, without giving an intimate ac¬ 
quaintance with any of the special fields. However, such a general 
study of geology should equip the student to recognize and interpret 
many of tlie major geologic features tiiat he sees about him. In i)ar- 
ticiilar, the varied landscapes take on a new meaning and interest when 
they are seen as clear records of past events. Land forms are products 
of a complicated intcrjilaj- between crustal movements on the one 
hand and sculpturing agents on the other. For example, fashioning of 
the Matterhorn and similar neighboring peaks was made possible by 
great uplift of a rock mass to form the Alpine chain; the cold climate 
and steep slopes on this mass favored the development and movement 
of glaciers, which have carved the summit into its present rugged form 
(p. 190). The shape of every landscape feature depends also on the 
kind of rock from which it was made and the length of time since the 
sculpturing began. Therefore, although there is no fixed order in which 
geologic subject matter must be considered, full appreciation of Earth 
features requires some preliminary knowledge of the common rocks 
and of their behavior under the forces active at or near the Earth’s 
surface. 

The first part of geologic study, devoted to the materials and features 
of the Earth and the processes now in operation, is called physical 
geology. Historical geology, which reconstructs the story of past 
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pliysicfbl eveiats and also the record of life oa the Earth, uses as keys 
the principles developed in physical ^ology and also some of the prin¬ 
ciples of biology. 

The Earth tod its history are fascinating subjects in themselves, but 
the interest is largely academic unless it is related to man and his wel¬ 
fare. The Earth is our home; we obtain our physical nourishment from 
its soil; we are affected directly by its storms and floods, its volcanoes 
and earthquakes, the uplift and sinking of lands, the storing of metals, 
coal, and oil in the nwks. Moreover, as the history of the Earth con¬ 
tinues to unfold, we see unmistakably that the events of long ages led 
up to the api)earancc of man. 
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THE METHOD AND SCOPE OF GEOLOGIC STUDY 

The importance of learning facts about the Earth, as a fundamental 
basis of geologic study, has been emphasized (p. 6). Prior to the 
nineteenth century many natural philr)snphers announced sweeping 
conclusions on geologic matters based largely on assumptions, in igno¬ 
rance of truths that could be learned by obsen'ation in the field. There 
resulted rival schools of thought, each devoted to some speculative 
concept. Gradually it came to be realized that speculations, however 
ingenious and popular they may bo, acquire real value only as they 
successfully meet repeated tests of new information. In the early part 
of the nineteenth century many students of the Earth, impatient with 
the earlier vogue of accepting hypothetical explanations “on authority,” 
set about the laborious task of examining and describing the vast array 
of geologic features on and beneath the Earth’s surface. That was a 
veritable epoch of fact finding, an extremely imporiaht stage in the 
growth of geologic science However, science is not a mere collection 
of facts; it is sydeniatized knou'ledge, and its goal is the discovery of 
natural laws, to which the facta bear witness. This point of view, which 
is essential for any real iimlerstaiifling of aims and accomjdishmcnts in 
science, merits further discussion. 

The SriENTiFK* Method 

The scientific attack on a problem follows an orderly procedure, in 
a succession of steps suggested by the following questions: (11 What 
are the knovim facts in the problem? (2) How do these facts appear to 
be related? (3) How may this relationship be explained? (41 Is this 
explanation supported by all obtainable new information? At the start 
there may be only scattered farts, dubiously related. Intelligent 
guesses, or hypotheses, are set up in attempting an explanation. It 
then becomes obvious that certain specific information, if it can be 
obtained, will cither support or weaken a particular hypothesis. Thus 
^e scientific guessing game stimulates further search and inquiry, re¬ 
sulting in additional factual knowledge, which may eliminate some of 
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ilie hypotheBes and point to one as the most promising, thou]^ perhaps 
with some modifications in its details. If, after a considerable body 
of new pertinent data has been built up, the favored hypothesis re¬ 
mains, in its essentials, as the most adequate explanation, this concept 
then begins to acquire the more reputable status of theory. As sup¬ 
porting evidence becomes more and more convincing, the concept grad¬ 
ually emerges from the realm of theory into established natural law. 

Development of a vague hypothesis to the status of a major scientific 
principle is seldom if ever accomplished by one individual. Progress 
in such matters usually has been slow, requiring contributions of 
numerous workers thnmgh more than one generation. Newton had a 
major role in formulating the law of gravitation, but, contrary to popu¬ 
lar belief, he did not originate the entire concept. Kepler, Galileo, and 
others had grasped parts of this fundamental principle nearly a century 
before Newton's time. Another illustration, in the field of biology, may 
be draw’ll from the “fact-finding epoch*' in the late eighteenth and early 
nineteenth centuries. Voluminous descriptions of modem and fossilized 
animals and plants had ftK‘UBed attention on relationships and diversi¬ 
ties among living forms, and more than one naturalist came to enter¬ 
tain the concept that species have originated by evolutionary develop¬ 
ment. In 1815 tlic French scientist Lamarck published his view’s 
on this subject, including his well-knowm suggestion that structural 
changes in animals have come about slowdy through use of bodily parts 
ill response to need, and that characters thus acquired by individuals 
are inherited and perpetuated in their offspring. According to this view 
the giraffe's neck became elongated by stretching, through many gen¬ 
erations, in efforts to reach the foliage on wdiich the animaLs depended 
for food. This hypothasis has not survived the tests of further study. 
Darw’in later developed the rival concept of evolution by “natural 
selection’* of types best fitted to survive under given conditions. This 
view, in considerably modified form, is still a part of biologic theory, 
although the exact meclianism by w^hich evolutionary changes take 
place remains an unsolved problem. However, the evidence that such 
changes actually have occurred is now overwhelming, and organic evo¬ 
lution has long been accepted as a natural law. 

In physics, chemistry, and biology, laboratory experiments are an 
important tool in the scientific aijproach to a problem. Experimenta¬ 
tion is valuable as an aid in solving some kinds of geologic problems 
also. In general, however, geology advances through reasoning based 
on accurate observations. Every geologic feature—a volcanic moun¬ 
tain, a layer of limestone, or a deposit of coal—presents a problem of 
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origin; when and by what means did it come into being? The answers 
are to be sought through studies of two kinds: (1) by examination of 
the feature itself, in a' search for clues that may suggest the time and 
mode of origin; (2) by a close study of processes, still active on the 
Earth, which may have played a part, in fashioning the feature as we 
now sec it. Thus we seek to read the complete history of every geo¬ 
logic feature and ultimately of the Earth itself. Because of this major 
objective of the study, geology is often called the historical science. A 
satisfactory introduction to the subject does not stop with an outline 
of chapters in the history that can be deciphered with fair assurance. 
The conclusions are significant only if the methods by w-hich they 
have been reached are fully understood. Like any other growing sub¬ 
ject, geology extends far beyond the lighted zone of proved fact. It has 
also a large twilight Zvne of inference and probability, into which the 
full light of investigation continues to spread slowly; ^d beyond this 
a region of darkness, relieved only by flashes of speculation. Thus a 
fascinating field for future exploration awaits those who have the zeal 
and proper equipment for the venture. 

THE continents; movements of the crust 

A brief discussion of one major problem that is still partly in the 
twilight zone will illustrate the scientific method as it is employed in 
geology and will at the same time give the background needed for an 
understanding of geologic processes described in later chapters. This 
problem concerns tlic relation between continental masses and deep- 
sea floors, mentioned briefly on page 6. Terrestrial life, including 
mankind, depends on the continued existence of large areas above sea- 
level. Do the present continents represent merely accidental irregu¬ 
larities of the Earth’s surface, doomed to eventual destruction by the 
forces of erosion? Is there constant danger that one or another conti¬ 
nent may disappear permanently by subsiding several thousands of feet 
while part of the deep-sea floor rises in equal measure? Does geologic 
evidence indicate that lands were once deop-sea floors? 

Equilibrium in the Crust. Examination of the rocks that make up 
the Earth's crust has brought out a highly significant fact. Under the 
continents, rocks that approximate granite in their composition are 
predominant. In islands that rise from the floors of the oceans, how¬ 
ever, the rocks characteristically have the composition of dark basalt. 
Since thousands of islands that dot the vast Pacific area arc the sum¬ 
mits of volcanic mountains, their composition seems to represent that 
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of tlie Pacific floor as a whole; if this floor were m any large part made 
of ^anite, some of the materials brouglit above sealevel by volcanic 
action would have granitic composition^ just as granitic material ap¬ 
pears prominently in many great volcanic mountains on continents. 

Volume for volume, granitic rock is about 10 per cent lighter in 
w’cight than basaltic rock. Therefore an obvious hypothesis is sug¬ 
gested; great blocks in the crust mado of low-density rocks, if they are 
to rest in balance wdth adjacent blocks that have higher density, must 
have larger volume and hence will rise to greater heiglit. Implications 



Fig. 4. Cuiiciept of a oontineut as tho upper surface of a plate made of Ught.-weight 
rorks, “Coatiug" high above the heavier roela on which it rests. Mountains are abrjve 
the thickest parts of the plate, a plateau above a somewhat thinner part, low plains and 
continental shelves aliove still thinner parts. Great eruptions of basaltic lavas are pepre- 
sent-ed as rising througli the entire thickneas of the continental plate from the continuous 
Mul^stratum of heav*^’’ ruck (p. Vertical scale greatly exaggerated. 

of this hypothesis are so important that a iintre satisfactory checking 
(if basic fac’ts is deinaiidcd. Scattered oceanic islands represent only a 
tin}' percentage of sea flours; is their testimony adequate? Fortu¬ 
nately, modern geophysical study of earthquakes yields accurate in¬ 
formation on the nature of the rock traversed by the clastic impulses 
that pass from the point of origin to recording stations (Chap. 16). 
Such imfiulscs pass through ocean flours with tho high velocities char¬ 
acteristic of elastic waves transmitted through basaltic rocks. On the 
other hand, beneath continents tlie impulses from earthquake shocks 
move with the lower velocities corresponding to tli(»se determined for 
granitic rocks. Thus the geophysical evidence convincingly supports 
direct observations on the compositions of continental masses and sea 
floors. Moreover, the geophysical studies suggest strongly that the 
light-w'eight rocks under continents form a plate ncjt more than a few 
tens of miles tliick, underlain by heavy rock similar to that under the 
oceans (Fig. 4), This conclusion is strengthened by the presence on 
the continents of gi'eat fields of dark basaltic lavas, w'ith strikingly 
uniform composition. These lavas, which have welled up through great 
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fissures, supposedly liad their origin in fused portions of the basaltic 
“subcrust” which every\^"here underlies the granitic plate forming a 
continental mass (Fig. 4). 

Thus it appears that the continents are not chance irregularities on 
the Earth; they are the upper surfaces of light-weight masses which 
float high in a denser medium, much as an iceberg rises above the water 
in which it is immersed. The principle of equilibrium is further illus¬ 
trated in Fig. 5. Blocks of copper, wdth specific gravity 8.9, will float 
in mercury, which has specific gravity 13.6. The heights to which 
blocks rise above the surface are proportional to the depths of im¬ 
mersion. This suggests at once that in great mountain bells, such as 





FiO- 5. Copper blorkss, c*qual in rross section but xmequaJ in leiigth, float in mercury. 
They sink to uiieriual depth and also rise to unequal height. According to this conception 
of Isostasy, a continent is the upper surface of a1ight-rook sliell, essentially unifoini in 
density but with variations in thickness. The thinner portions form low plains, whereas 
thicker parts project upward as plateaus and moiuitains. (See Fig. 4.) 

the Andes and the Alps, the continental plate of light-weight rock is 
considerably thicker than under areas of low plains; the thicker seg¬ 
ments are buoyed to greater height, and thus the great mountain masses 
arc not loads on the p]arth^s crust—they rest in equilibrium, as do the 
higher blocks in Fig. 5. 

The illustration of blocks floating in a liquid may appear highly 
artificial as apjjlied to continental masses, since the Eartlfs crust is 
rigid. However, rock, AvUich appears very strong in man-made struc¬ 
tures, is w'cak and yielding in masses of ecmtinental dimensions. The 
Earth does not have the form of a rube or other angular figure, for a 
good mechanical reason. If the Earth could by some powerful force 
be greatly distorted and the force were then removed, physical law 
Avould quickly bring restoration to a figure of equilibrium. This figure 
would be essentially a sphere if there were no rapid rotation; but spin¬ 
ning on an axis makes the figure an oblate spheroid, with the degree of 
flattening determined by the rate of spinning. Similarly if the conti¬ 
nental mass shown in Fig. 4 could be forced down until its surface was 
below sealevel, and then released, the familiar Archimedes’ principle, 
or law of buoyancy, would cause slow defonnation of the rocks Ijeneath 
the continent until the surface arose to the proper height for equi- 
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librium. The term isoHosy {i-soaTa-si)—from the Greek, meauing 
equal staudizig ^is used for this condition of balance between seg¬ 
ments of the Earth’s crust. 

Evidence in G^xicmted Regions. It is not an idle speculation to sug¬ 
gest a force capable of bending a continental mass downward. More 
than once the lands that are now in the temperate zones have been 
chilled until great ice sheets thousands of feet thick cuvered millions 
of square miles (Chap, 9). These vast sheets of icc were made of 
w^ater evaporated from the seas and precipitated as snow on the lands. 
Withdrawal of so much sea water lightened the load on all sea floors 
and concentrated this load on a much smaller total land area. After 
climates again grew' w^armer and the latest North American icc sheet 
vanished—only a few” thousands of years ago—the sea invaded large 
areas in southeastern Canada and northeastern TTnitcd States, but w’as 
excluded by later uplift of those areas. Emerged shorelines, associated 
with beach deposits tliat contain marine shells and bones of dolphins 
and wdialcs, are found in the region of Lake Champlain and Montreal 
several hundred feet above present sealcvel. Similar evidence is found 
in Scandinavia and Finland, which also were buried under thick ice 
during this glacial age (Fig. 225, p. 354). The inference is that the im¬ 
mense loads of glacier ice depressed the lands. After the loads were 
removed some time was required for restoration of balance by slow 
flowage in the rocks at depth. Before adjustment had progressed far, 
the sea came in io cover the depressed areas; and as balance was grad¬ 
ually restored by regional uplift the sea W'as expelled. Although it is 
thousands of yeaj*s since the ice disappeared, the adjustment is not yet 
complete, as parts of Scandinavia are still rising at the rate of 2 or 3 
feet in a century (p. 353 ) and the fircat Lakes region in North America 
is undergoing measurable tilting by continuing uplift in Canada, where 
the ice load on this continent was greatest. 

Isostatic Adjixsimenf. The history of glaciated regions provides 
striking confinnalion of isostasy in the Earth’s crust. Shifting of large 
masses from one place to another, as in the transfer of sea 'water ti> 
form ice sheets on land, causes a change in the form of the f^arth in 
order to restore oquiliVuium betw^een loaded and unloaded areas. The 
gi'o'wth and wasting of iee sheets has caused large but comparatively 
brief changes in distribution of the load of 'water on the Earth. Other 
geologic processes bring about equally large and more permanent trans¬ 
fers of mass. For example, gi’cat chains of mountains such as the 
Hockies are being eroded vigorously, and the resulting debris is being 
carried by streams to lowlands and sea flciors hundreds or thousands of 
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miles away. We see evidence that the present Appalachian ridges rep¬ 
resent mere stumps of once-great chains from which erosion has re¬ 
moved vast quantities of rock. There is abundant evidence also that, 
as the agelong destruction of the Appalachian chains progressed, the 
region was repeatedly arched up (pp. 474, 500), just as the glaciated 
areas of continents were uplifted on removal of the load of ice. 



6. The high mountain block A is eroded, the mtiiei ial renioved is can ied to lov 
levelei, and part of it is deposited on the low block B. When deposition begar, tlie 1»j 
block B woh at &, its base at c. Under the load of arcuu dating deposits (leii-sity 
the top of the block is depressed to its base to c'. As lo 1 is removed fror 
A, uplift of the block occurs, with the slow flowage of [iiat ial at dc^dh to n >iintai)i 1 
auce between the loaded and unloaded blocks. As the bio k rises, the spar betwee 
and r', formerly filled with rock of density 3.7, comes to lie occupied by rock of density 3.3. 
If the average thickness of thi.s space is fKKK) feet, the average thickness of lighter rock 
eroded from the mountain area must be 9000 feet + 2000 feet (the aveiage measure of 
lowering from the original surface), since the ratio 2.7;3.3 — 0: IJ. 


Therefore the principle of isostatic balance in the Eartli’s crust is 
supported by impressive evidence and is winning acceptance as a 
natural law.^ However, large questions remain, and some aspects of 
the problem are still in the realm of hypothesis. What is the mech¬ 
anism of adjustment when great loads are shifted? If a highland con- 

^ Studies of the lateral altractiou exerted by great mountain masses, and of 
precise gravity values determined at numero\is locations, widely distributed, give 
further strong support to the concept of isostatic balance, in the Earth’s crust. 
Space required for a satisfactory explanation of this evidence is not available 
here. See Reading Reference 2. page 27. 
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tiiiues to rise as material is removed from it by erosion, how can, a 
mountain chain ever be reduced to low altitude? An attempt to answer 
these questions is represented in Pig. 6. It is well known that tempera-^ 
turc in the outer part of the Earth rises with increasing depths Some 
tens of miles down the rucks must be many hundreds of degrees hotter 
than at the surface. Although at such depths the high pressure tends 
to increase rigidity, it is supposed that tJie high temperature must make 
the rock weak. Removal of load from A disturbs balance; pressure from 
.surrounding parts of the crust—especially from a loaded segment such 
as B —starts slow flowage in the weak zone at dej)th, forcing tlu^ light-- 
ened segment A to rise until equilibrium is restored. If the rock forced 
up under A had the same density as the rock eroded from the top, uplift 
and <*ro.sion could continue indefinitely, with no jierinanent reduction 
in height of the highland. However, as explained on i)agc 15, we have 
good reason to believe that the light granitic rock in a continent is 
underlain at moderate depth by heavier basaltic rtu-k. If, as appears 
highly probable, flowage to restore balance occurs in the heavy “sub- 
crust,” highlands will be gradually lowered as erosion goes on, as 
shown by the following analysis. 

Granitic rocks have average specific gravity about 2.7. Tlic dark- 
rnlf)red rocks are considerably heavier; at depths of some tens of miles 
the specific gravity may be as high as 3.3. As a given mass of fock is 
eroded frtnn the tup of block A of Fig. 6, the block must rise enough 
to admit an equal mass at its base, if balance with adjacent blocks^ is 
to be maintained. However, dense rock rises at the base to replace 
lighter rock removed from the top. Equal masses of these rocks will 
have volumes inversely proportional to their specific gravities. Tliat 
is, a layer of the deep-seated rock 2,7 feet thick is equal in weight to 
a layer of the rock at the surface 3.3 feet thick. Since 3.3:2.7 = 11:9, 
900 feet thickness of the dense rock rising at the base of the block will 
exactly offset the loss of 1100 feet thickness at the top. Thercf<»re 1100 
feet must be eroded from the highland in order to effect a net lowering 
to the extent of 200 feet. If the highland has an initial average height 
of 4500 feet, to lower it by 4000 feet will require removal through 
erosion of (4000/200) X HOO, or 22,000 feet of rock. Thus a mountain 
chain is a remarkably pcj’sistent feature; it can be reduced to a low^ 
hill-country only by continued erosion through a vast span of time. 
Nevertheless, there are many old mountain belts in various stages of 
destruction, including complete leveling by the forces of erosion (Chap. 
19). 








Ftg. 7. Folded strata along the Buffels R/per, north side of the Cape Ranges, 
Cape Frovtnce, South Africa. The folds are overturned toward the right (north'). 


Senewed Thickening of Continental Masses. Material eroded 
from highlands is carried by streams and dumped into the sea at con¬ 
tinental margins^ building out deltas, coastal plains, and continental 
shelves. Thus the continents grow wider, and, as the areas planed 
down by erf)sion arc repeatedly uplifted to maintain isostatic balance, 
the continental plates made of light granitic rock lend to become 
thinner. If no force intervened to offset this tendency, all highlands 
would eventually disappear, erosion by streams would slowly wear the 
continents ahiiost to sealevel, and the waves of the sea would erode 
inland until all the lands were consumed. Actually, although the Earth 
is very old, mountains and plateaus stand at great heights, and some 
youthful mountain chains, as in the East Indies and coastal Alaska, 
are actively growing today. Many of the greatest highlands, including 
the lofty Mount Everest and the Tibetan Plateau, bear, on their sum¬ 
mits strata that were formed in shallow seas. Clearly, therefore, some- 
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thing is at work to defeat tiie slow levehng actiim of erosion. What 
forces are involved in thus renewing the lands; and-how dp they 
operate? 

In all great mountain chains, those old and much eroded as well as 
the lofty ranges of more recent date, sedimentary strata have been 
strongly buckled and crumpled (Figs. 7,8), and rocks of all kinds have 
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Fki. 8. La>ipr.s of iimnatoiie, shale, and aaiidstone, deposited on the f Ddr of «. farmer 
Moa. and laler btrongly buckled by compreasive forces. Appalaehiaii Mountains, western 
Virginia. 


been riven into great slioee which are crowded together, one ODf another, 
overlapping like shingles on a roof (Fig. 9). This kind of deforma¬ 
tion indicates that powerful compression has acted horizontally, driv¬ 
ing masses of rock together and heaping them up in the long raouniain 
belts. However, wt have considered the evidence (p. 16) that a great 
mountain mass can rise above the general level only because it is 
buoj'^ed up by light-weight rock extending to exceptional depth (Fig. 
4). Therefore horizontal compression, in making mountain chains, has 


Ip Miltt 

U. S, Gootogical Sxtrvey, 

Fill. a. Layeis of litnostone, Hhale, and originally liuriaoiitai, now in groat 

ovorlappiug blocks that wore driven together by cfjmpreHHivc forrios. Appalachian Moun¬ 
tains, southwoslA^rii Virginia. 


not simply forced great \\Tinkles above the general level of the EJarth^s 
surface. The plate of continental rock in the mountain zone must have 
been thickened by the powerful squeezing, and the mountain masses 
now reflect the zone of thickening, above which they arc held in iso¬ 
static equilibrium. Such a newly formed belt of highlands is attacked 
with special vigor by the agents of erosion, and the resulting debris, 
consisting of boulders, pebbles, sand, and mud, is carried by streams to 
the lowlands and into the sea. As w’^eight is thus removed from the 
highland, uplift occ\irs repeatedly because of flowage at depth to main-* 
tain isostatic balance (Fig. 8). After a vast span of time the thick- 
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ened part of the eontinental plate grows thinner through continued 
erosion, and the former mountain belt becomes a low, hilly country, 
although evidence of the earlier history remains in the buckled and 
fractured bedrock. Thus we recognize the "stumps'' of ancient moun¬ 
tains in parts of France, Great Britain, and southern New’ England 
where no high topography exists at present. Mountain belts in various 
stages of destruction testify to repeated action, through geologic time, 
of the forces that thicken the continental plates and thus offset the 
leveling effects of erosion. 

Large Unsolved Problems. Thus by ihe scientific method, usin^’ 
the observations and reasoning of many workers through several gen¬ 
erations, geolt)gy has arrived at a general comprehension of the mech¬ 
anism that has governed the changing face of the Earth through its? 
long history. This is nut to say that all the mysteries, or c^ en those 
most profound, have been solved. We can only speculate on how the 
continental masses first came into existence as plates of light-w’cight 
rock covering about a third of the solid body of the Earth. Moreover. 
W'e do not know the nature and origin of the forces that have repeatedly 
deformed and thickened the continental plates. Speculations on some 
of these challenging problems are outlined in latci' pages (Chap. 19). 
This speculative aspect of geology is fascinating and valuable, although 
sometimes dangerous to the uninitiated. Use of the scientific method 
must take account of speculation along with fact and logical inference, 
distinguishing carefully among them. Carejess broadcasting of hy¬ 
potheses as if they were demonstrated truths ha^i given rise to unfortu¬ 
nate misconceptions about the Earth and its history. 

CoNlTiST BETW'raSN INTERNAL AND EXTl-JJNAL FoKCT-S 

From this brief analysis, it is clear that agents of two distinct kinds 
act on and modify the outer part, of the Earth. The agents of one kind 
attack the rocks exposed at the surface, breaking them to pieces, chang¬ 
ing them chemically, and moving the resulting debris to lower levels. 
Air and w'ater, under the control of gravity, are the chief agents con¬ 
cerned in these activities; the essential energy for their w ork is supplied 
by the heat and light of the Sun. As explained in detail on later pages 
(Chap. 3), this energy is expressed in complex physical and chemical 
processes by which rock is wmthered into soil and other loose material. 
Solar energy also causes evaporation, from seas and land surfaces, of 
the water which later is precipitated as rain and §now. The resulting 
streams and glaciers are the most pow’erful eroding agents, carrying 
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away rock debris already formed and rutting directly into the bedrock 
(Chaps. 5, 9). Waves and cuwents of the sea, which also are mani¬ 
festations of solar energy, erode the margins of the lands and spread 
out on the sea floors the waste brought down by streams (Chap, 11), 
All these agents combine in grading the EarthV surface, cutting down 
elevations and filling depressions; hence they are commonly known as 
the agents of gradation. If they could work without interruption, they 
would in time cut all the lands below sealevcl and carry the loose prod- 



Fiu. 10. Diafcrairanatir' ropretteiitalion of “rorik cyclen/* iiidicaLmg tliat inateriul in 
tbe ICarth's crust may pasts throuRh the igneous, sediniBiilary, and niet^iorphic states 
repeatedly and in several possible sequonoes. 


nets into deej) water, below the effective reach of waves and currents 
(Chaps. 6,11). 

Sinre inarini* sedimentary rocks underlie large areas of the present 
continents, ei'en in the highest mountains and plateaus, manifestly 
there are forces within the Earth tiiat cause widespread uplift and tims 
tend to offset the wearing away of the lands by destructive surface 
agents. These internal forces elevate and depress large areas by gentle 
bending or warping of the crust, a process that has repeatedly caused 
emergence and submergence of latge land masses in all the continents. 
In part these warping movements result from isostatic adjustment to 
loading and unloading, as material is shiftc^d from one area of the 
Earlh*8 surface to another (pp, 18,19), However, such a mechanism 
of adjustment does not explain why areas that were for long periods 
subsiding sea floors have later been warped up to form high plateaus. 
The forces within the Earth also cause violent crumpling and breaking 
of the rocks in mountain sones, which rise as great welts above >^eir 
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^su^roundings. Volcanic products, rising from pockets of molten rock 
produced by localized heat, build up high peaks and extensive plateaus. 
Thus there are internal agents co-operating to raise the lands and in¬ 
crease their irregularity, in contrast and in opposition to the grading 
effects of the agents controlled by solar energy. 

Ill the agelong contest between tlie internal and external Earth forces, 
much of the rock material in the crust passes through a succession of 
major cJiaiiges. For example, granite exposed in a mountain region 
decays and breaks up, and the resulting debri'^ is carried by streams 
into the sea, wliere it is built up, layer by layer, into a thick section 
of sediments. Perhaps at a later date these scdnnmlary layers are 
caught in the powerful vise of mountain-making iuj-ces, which not only 
crush and elevate the rock mass but also, as a result of great and long- 
continued p^e^8urc, change the mineral comp(»sition anti appearance of 
the layers until they are no longei rerf>giuzahle aft sedimentary rocks 
and arc classed as melamorphic rocks. As tins mountain mass is at¬ 
tacked by the weather and by ninning ^^ate^, tlie roc‘kft are again re¬ 
duced to gravel, sand, and smalltT jiarlicles, which arc swc})t avay to 
be spread out in a new series of ^sedimentary layers Pome of tlie rock 
material now visible at the Earth’s surface may have jiassetl tlirougli 
several of these major cycles of change, each requiring many millions 
c»f years (Fig. 10). 


Thk Time Fvctor iv (Iedi.ooy 

From the geologi.st’s viewpoint, therefore, the Earth is dynamic and 
changing; not static ami inert. However, since most ol tlif* changes are 
slow as judged by human standards, it is necesMiry tu form some cou- 
cefitiun of geologic time in order to apfireciate ths’ contimuty of lOarth 
history. The study of geology revolutionizes ordinary notions of time, 
just as a moderate knowledge of astrommiy gives a new vision of 
sjiace. Our Solar System has grand dimciiMons, and yet in its entirety 
it is but a point by comparison with the stuiicndnus diameter of the 
starry galaxy. Similarly we think of the earliest human recoKis as very 
ancient; but in a geologic sense the first appearance of man, some hun¬ 
dreds of thousands of years ago, is a modern event. The oldest relics 
of primitive men are found only in the superficial rock debris fonned 
in the latest geologic epochs. In the thousands of years that have 
elapsed since the oldest civilizations existed, the major landscape fea¬ 
tures of the Earth have remained essentially unchanged; but we know 
from the immensely longer geologic record that, before man appeared, 
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JI. Grand Canyon of the Colorado The inner gorge (of which only a knitted 
segment appears tn the iseu) /r rut into granite and metaniorphtr roch; it is about 
100(* feet detp. The higher parr of the valley ts cut through fiat4ung layers of 
uwditone, shale^ and limestone^ most of uhrch were formed on ancient ua floors 
The (tup ikjfr are developed on remtant layers, and the gentler slopes on u'eak 
laytn The outer rm t\ several miles distant from the river and WQ to tfOOO 
feet abate it 


Gjpnpratifnis ol mounliiina were made and worn away by the paine de¬ 
liberate forees now at ^v()rk. The length of time reciuired for such trana- 
forinal ions has been almost inconceivably great. How long has it taken 
for tlie C’olorado River to excavate the (irand Canyon? Wc are aston¬ 
ished at the realization that the slow action of water has carried a\^«y 
so many cubic miles of solid rock. Nevertheless the Grand Canyon is 
a youtlilul feature, in the perspective of Earth history. The general 
record of earlier events is wTitlen jdainly in the rocks fFig. 11) 
traversed by the trail in climbing the vertical mile from the inner 
gorge to the outer rim Mountains were made and worn down; then 
the land was submerged beneath the sea for long ages and continued 
to sink slowly while mud and sand built up deposits thousands of feet 
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thick; this loose material was converted into firm rock; and finally the 
rising of the wide plateau region high above the sea, in late geologic 
time, permitted tlie cutting of the canyon. 

Since the whole of written human history is comprised wdthin a few' 
thousands of years, it is difficult to accustom ourselves to the much 
greater time scale of Earth history. The statement that some rocks 
are more than 1000 million years old excites an understandable skep¬ 
ticism. How’ever, this statt^ment is tlie result of exact calculations 
based on dependable evidence found witliin the rocks themselves 
Uranium and other radioactive chemical elements disintegrate con¬ 
tinuously, at a measurable rate winch seems to be absolutely uniform 
under all know'n conditions of teniiierature and pressure. As soon as 
a mineral containing uranium has been formed in a rock, heliiiiii gas 
and other products that rcMilt from the breaking down of uranium 
begin to be diftcrentiated. The end jiroiluct of the change i*^ one kind 
of lead, wliich accumulates in the mineral. The ratio of this leail to 
the uranium steadily increases wdth the passage of time; and, since tin* 
rale of the change has been deiennined jirecisely, the age of a nraniuin 
mineral can be calculated after a chemical analysis reveals the exact 
ratio of lead to uraiiiuin in the mineral. It is as il a clock had been set 
going in each of these minerals at tlie inomcmt of its origin; the geolo¬ 
gist, with the aid of the chemist and the iiliysicist, is now’ abb" to read 
the exact time on each of the clocks. By moans of this remarkable 
method it has been determined that Ihe length of geoh)gic time is at 
least 2000 million years (Appendix D), In such a vast ;ppan of time 
it has been possible for Oh* slow processes now in operation U) fashion 
and destroy generations »)f mountains and to accomplish otlier aston¬ 
ishing changes to wdiich the n»(*ks bear eloijuent teKstimony. The closesT 
study of the geologic record lias revealed “no vestige of a beginning, no 
prospect of an end,'^ 

Because most of the changes in the surface fonns of the Earth and 
in the structure of the bedrock proceed slowdy and continue through 
long ages, obviously much of the evidence by w’hich w'C decipher the 
full history has to be circumstantial rather than direct. Some geologic 
processes, such as the decay of rocks at the surface, erosion by streams 
and by glaciers, and volcanism, can be seen in operation. The effects 
of these processes, though small during the lifetime of a man, clearly 
arc cumulative. No observer doubts that the vast pile of Mount Etna 
has resulted from repealed eruptions like those that have been wit¬ 
nessed by living persons, though only a small part of the growth of the 
mountain has occurred diirina recorded human histoni^. Similarly the 
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full effects of stream erosion in fasluoning landscapes come to be ap¬ 
preciated through ctmiparative study of numerous stream valleys which 
represent obvious stages of deveiopinent, from youthful to very old. 

The introductory study of physical geology examines the processes 
now operating on and within the Earth and considers the evidence that 
all the visible features, in surface forms and in the bedrock, have been 
produced by tliese same processes, during geologic time. In other 
words, the chief objective in the study of physical geology is to make 
clear tlie methods by wliicli the geologic record may be deciphered. 
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WEATHERING AND ITS PART IN EROSION 

Bedrock and Mantle. Bedrock underlies all parts of the land sur¬ 
face, and, although it is concealed in large areas, it can be reached by 
digging or drilling to sufficient depth. The cover, which ranges in thick¬ 
ness from a few inches to hundreds of f(‘et, co nsists of soil, clav. sand- 
gavel, and other loose materia l. Obviously the coarser ])feces are frag¬ 
ments of rock or of individual minerals; and a powerful microscope 
shows that rock particles, some fresh ami others very much altered, 
make up a large part of the fine material also. This complex assem¬ 
blage of rock debris that covers the bedrock is tlie vuinWe (Fig. 12). 

Careful examination of the mantle in a wide region reveals that in 
some places all the recognizable jjartieJes ronsi.st of minerals found in 
the bedrock directly beneath. In other places, however, most or all of 
the constituents have no ajiparent relation to the underlying rtK-k. It 
is a logical inference that the mineral fragments in the mantle have 
been detached from firm bedrock and that much of the debris has l)ccn 
removed from its place of origin. The part that remains essentially in 
place is residml mantle; the part that is carried away and drojtpcd 
elsewhere forms franisported mantle. 

Weathering and Erosion. Wherever tlie bedrock is exposed at the 
surface, as in a cliff, it has been obviously changed. Tsually some 
blocks or chips of the rock arc loose, and others can be detached with 
little effort. Many of these pieces arc so rotten that they crumble in 
the fingers. By quarrying into the cliff we enepunter firmer, fresher 
rock; but along joints or crevices some staining and sfdtening are evi¬ 
dent to considerable depths. Even the most casual observ’er recognizes 
that the o\iter part of the rock has been changed by exposure to the 
weather. Accordingly we say that the H;ck has been weathered, and 
the rather complex set of iwocesses involved in the breaking up and 
decay is called ut'eathermg. Aside from its fundamental ptjsition among 
gcolo^c processes, weathering is of vital importance to the human 
race because it results in soils which are the basis of all life on tlic 
lands. 
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Most cliffs also suggest plainly that they are remnants left by the 
cliHai)j)par/ince of great quantities of rock around them (Figs. 11 and 
35). Regular layers end abruptly at a cliff face, and since identical 
layers can be recognized in rujighboring cliffs or hills we can hardly 
avoid the inlercnco that the layers once were continuous across the 
intervening space. It is difficult to imagine the removal of so much 
resistant rock; but the weathered condition of the rock now exposed at 
the surface suggests tliat this jiropess of decay, continued for a very long 
time, has greatly facilitated the work of running water and otlier agents 
m fashioning the present landscapes. 

The loosening and removal of rock matciial by any process at the 
Eiirtli’s surface is eromn. Since streams, glaciers, the sea, and the wind 
are imiiortant agents involved in actually removing the debris, wc rec¬ 
ognize* as .sejiarate jirocesses stream erosion, glacial erosion, marine 
erosion, ami uind erosion. In each of these processes considerable fre.sh 
rock i*? earned away in addition to more or less weathered material; 

both directly and indirectly, W'eathchng increases enormously the 
rale and effectiveness of the other ero.sive agent*! Therefore the weath¬ 
ering of rocks is one of the most imporiant parts of general erosion. 


HOMER P. UTTLE. 

Fif; 12, Fitdre Mmntam^ mar Colorado. The loose rubble on the slopes 

in the background ts aj coarse as that in the foreground. Som of the bedrock 
shous in prominent outcrops on the mountain itde. 
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WfiATHERING 

Role of the Atmosphere. The chief agent of weathering, as of tlie 
weatJier, is the atmosphere, which uses energy derived from the heat of 
the Sun. Although it is for the most part invisible, the atmosphere is 
responsible for vast changes on the Earth. By carrying moisture from 
the sea and precipitating it on the continents the atmosphere makes 
possible the formation of streams and glaciers, which are powerful erod¬ 
ing agents. Winds, by bhjwing dust and sand, accomplish some erosion 
directly, and by generating waves on the sea they cause marine erosion 
of the coasts- Tlierefore the greater part of erosion is chargeable cither 
indirectly or directly to tlie atmosphere. For tlie present, however, we 
shall consider only its role in rock w eathering. 

The important geologic activities of the atmosjdiere depend on its 
peculiar physical and chemical properties. Since it consists of gases 
it penetrates readily into all crevices and other openings that lead 
down from the Earth's surface and so comes inb^ contact with much of 
the bedrock in addition to exposed surfaces. About three-fourths of the 
atmosphere consists of the gas nitrogen, wdiich is rather inert chemi¬ 
cally, although w’ith the aid of certain plants and bacteria it enters 
into some important reactiems in the ground. Oxygen, wliich makes 
up most of the remaining one-fourth, is enormously more active chemi¬ 
cally and plays a large part in the attack on rocks. AValer vapor is a 
highly variable constituent of the air, but its geologic role is large. 
Precipitated as rain or dew^, it moistens the rocks, dissolves some of 
the minerals directly, takes an essential part in many chemical reac¬ 
tions, and assists in mechanical changes also. Carbon dioxide, which 
normally forms only 3 parts in 10,000 of tlie atmosphere by vtilume, 
has an importance out of all proportion to its rank in quantity. Aside 
from its vital function in supplying carbon to growing plants, carbon 
dioxide combines with certain of the elements in rocks and forms new 
mineral substances, some of which are readily soluble in w^ater. 

Other substances form small fractions of the atmosphere, but oxygen, 
water vapor, and carbon dioxide are the only constituents that are of 
large direct importance in rock weathering. 

Other Factors Involved. Temperature plays a significant part in 
weathering. High temperature speeds up chemical action, and low 
temperature causes disruption by freezing. 

Plants and animals help directly in the disruption of rocks and 
indirectly but more effectively by producing substances that attack 
minerals chemically. 



WEATHERING AND ITS PART IN EROSION 


31 


Water, after it is precipitated and is no longer part of the 
phcre, continues to be a prime factor in weathering as long as it remains 
on the surface or at shallow depths in the crevices ot bedrock and in the 
pore spaces of tlie mantle. 

Gravity is a local factor in weathering, since rock masses are shat¬ 
tered by falling from cliffs or sliding on steep slopes. 

Mechanical and Chemical Weathering. A twofold division is rec¬ 
ognizable in the general effects of weathering. On the one hand, what- 
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KiCr. 13 . J''ja(lure'^ lu tlie bi'drork vhich aid weatheuiii^: bv allowing read> entranre i»f 
water, air, and plant roots. Siena Nevada, C'ahfornin 


ever tlie original nature of the rock, it is broken into smaller jiieces. 
This mechaim al breakup of rocks, with or without some chemical alter¬ 
ation, ie called di^sintcgration. On the other hand, the composition of 
the constituent minerals is changed by chemical attack, resulting in 
decomposition or '‘rotting” of the rock. Disintegration and decomposi¬ 
tion usually proceed together and are so interrelated tliat they can not 
he distinguished clearly as results of wholly different processes. How¬ 
ever, under certain conditions one effect predominates over the other. 
Disintegration and decomposition of bedrock arc facilitated by the 
presence in nearly all rocks of numerous cracks and crevices t^'ig- 13) 
which allow ready entrance of air, water, and other w^eathering agents. 
Even some of the mineral grains have cleavage planes or minute cracks 
which admit some moisture. By weathering processes these original 
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openingb' are widened and others are formed. The loose arrangement 
and high porosity of the mantle make it especially susceptible to con¬ 
tinued weathering. 

DECOMPOSITION OF ROCKS (ROCK ROTTING) 

Mechanical breaking up of rocks makes decomposition much more 
effective, because the chemical agents can attack each newly made 
fragment from all sides simultaneously and can descend ever deeper 
into bedrock as new cracks are formed or old ones are extended. How¬ 
ever, since decomposition is directly res])onsible for some of the me¬ 
chanical disruption, it is advisable to consider the chemical asi)ect (»f 
weathering first. 

Effects of Oxygen, Water, and Carbon Dioxide. A piece of bright 
new steel exposed to tbe weather becomes coated in a short time with 
yelhmdsli brown rust. Tf the'exposure is continued for months and 
years scales of rust fall from the surface of llie steel, and finally the 
entire piece can be crumbled into brown du.st. Tn j)opular parlance, the 
steel has rusted aw’ay or decomposed: in chemical terms, the iron of 
which the steel ^vas chiefly composed has reacted with oxygen and 
water to form a new substance, hydrous iron oxide* or This 

is an example of ^oxidatioji (chemical union with oxygen) and of hydra^ 
tion (chemical union with water). 

A piece of bright cojiper exposed to tlie air keeps its original appear¬ 
ance hmger than steel but eventually turns green from union of copper 
whh carbon dioxide in the air, to fonn basic copper carbonate. This 
reaction is carbonation, a process that attacks some substances in ex¬ 
posed beilrock, with consequent weakening of the rock 

Another imj^ortant chemical process related to hydration is hy- 
drolyd.'i, Avhich is a consequence of partial dissociation of Avatci’ dur¬ 
ing complex reactions that occur in the moist mantle. Hydrolysis 
plays a role in the weathering of feldspar (p. 33). 

Rocks expo.SLMi at the Earth^s surface consist of various minerals, and 
these react to the chemical agents of wcatluTing differently and at very' 
different rates. Iron in such mineral.‘=i as black mica in a granite or 
f)yroxcne in a basalt unitc.s slowly with oxygen and ivater to form 
limonite,^ which makes a brown stain on the surface of the roqj^. But 
the reaction is far more complex than the last statement sugge.sts. Be¬ 
fore the iron in j)yroxonc, for example, is released to form lirnonite,^ the 
entire original composition of the mineral is broken up, and then the 
various elements enter into new combinations, some involving carbon 
dioxide, oxygen, and water. The result is softening and partial or total 

^ l\sed as field <crm for hydrous iron oxide, regardless of mineral identity. 
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disruption of the mineral graini^, not only at the surface but also along 
any cre\irc's into wliich moisture can penetrate. In fact, the change 
may be more effective at a slight depth than on a bare surface, since 
moisture lingers in the shelter of crevices and enables the chemical 
work there to continue witlujut interruption, wliereas intermittent dry¬ 
ing retards dectmiposition on surfaces exposed directly to the air. 

Solution. Cheniical reactions do not proceed readily between diy 
substances, as we know from laborah^r^’^ experiments. Therefore one 
of tlie most essential i)aTts played by water in the changes described 
above is to serve as a medium in which other reagents can work. Be¬ 
sides i)crf()rming this essential indirect function, and in addititm to its 
union with t)tJier substances in th(‘ process of hydration, water aids in 
decomiiogmg the rocks by removing certain minerals in solution. Only 
a few common minerals are soluble in pure water, but many others dis¬ 
solve in carbonic acid ( which f<»rms when carbon dioxide (CO^) 

unites with water. For example, the mineral calcite (calcium carbo¬ 
nate, CurOjt) h nearly insoluble in pure wate^r, but carbonic acid con¬ 
verts it into calcium bicarbonate, CalKCOOa)^, which dissolves and is 
carried away by water percolating through the pc3res and crevices in 
tlie rock. Calcium carbonate is the chief constituent of limestone, and 
vast (juantities of tliis rock have been carried away in sedution (Chap. 
7). Other less soluble mineral grains scattered through various rocks 
dissoh'e more slowly, but tiieir loss weakens the rock and provides ad- 
flitional openings to be used by chemical reagents. 

The continued removal of soluble material by water percolating 
thnnigh the mantle or througli shattered bedri»ck is termed leaching. 

Decomposition of Feldspar. Since felds])ars are the most abundant 
rock-making minerals, their response to w^eathering merits particular 
attention. When feldspar decomposes, the cliief product is clay, which 
is of groat imiiortance because it is one of the commonest materials in 
the mantle anrl also because it goes into the formation of shale, the most 
abunrhint type of sedimentary rock (p. 572). The chemical weathering 
of orthuclase, one mineral of the feldspar group, is outlined as follows: 

OrthocIiiMJ (KAlHiaOs) + water (H»Cn + rarbuu dioxide (00*2^ 

= clay (various hydrous aluminum silicaLes) 4 - silica (Si02) 
-h potassium carbonate (K2tX>3) 

Complete decomposition of feldspar requires considerable rainfall and 
a warm or temperate climate. The carbon dioxide involved in the 
reaction comes in part directly from the air but chiefly from decaying 
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vegetaticm. Some of tJie potassium carbonate (potash) formed is dis¬ 
solved by water and removed, -but part of it is held by the clay and is 
used as plant food if the clay becomes transformed to soil (p. 46). 

The generalized formula for decomposition of ortluKjlase may suggest 
that the process is simple and altogether inorganic. Notliing could be 
farther from fact. Reactions that take place in the decomposing mantle 
are so complex tliat even after long and concentrated study by soils 
specialists the exact nature of these reactions is in large part obscure. 
It is realized that an important ])art of the clmiige is biogenic; that is, 
brought abt)ut througli the agency of organisms, both plant and ani¬ 
mal. Moreover the products of these reactions are extremely complex. 
(Mays, the chief jH*o(luct of weathered feldspar, consist of several dis¬ 
tinct minerals that exist in particles of submirrobcopic Size and there¬ 
fore can nut be studied by ordinary means. Use of i)o\verful X-ray 
«]uii)ment and of the electron microscope revealb some of the jiroper- 
ties of these minerals; but many important facts remain unknown in 
spite of the most ingenicjiib modern techniques. Devel(»pjii('ub ami be¬ 
havior of the clay minerals involve the difficult principles of colloidal 
clieinistjy. Many iwofouml problems met in the study of clays must 
be solved before we shall liave a reasonably full understanding of the 
s«)ils that supply our food. 

Chemical Weathering of Other Minerals. Amphibole, pyroxene, 
and other common minerals that contain aluminum also yield clay wljen 
they are dccoinptised. Several of those minerals contain some iron, 
which conimnnly becomes oxidized, and thus the clay acquires a yel¬ 
lowish or reddish color. 

Quartz resists chemical weathering more successfully than any other 
common mineral in the rucks. Therefore, when feldspar and other 
minerals decay, the associated grains of quartz remain es^^entially un¬ 
changed. Since quartz is hard and has no cleavage to form planes of 
weakness, its grains also, better than those of most other minerals, 
resist mechanical wear by wind, streams, and waves, anil therefore 
sand and gravel come to coiisibt largely of ijuartz particles. Much of 
the sand that now lies on beaches or in shifting dunes is made uj) of 
quartz grains that were weathered from granites and related rocks 
during remote geologic periods. 

mSlNTEGRAIlON OF ROCKS (rOCK BREAKING) 

Effects of Freezing Water. When water freezes it expands by 
nearly one-tenth of its volume, and if it is in a closed vessel the pressure 
on the walls is very great. In the days of muzzle-loading cannon this 
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principle was utilized in disposing of captured eneiriy artillery. Rocks 
in exposed positions are disnipted by repeated freezing and thawing of 
water in cracks or pore spaces (Fig* 14); the mechanisui is aptly called 
fro^t wedging. Although the water in most openings in rocks forms a 
system open to the air, preliminary freezing in the upper parts of water- 
filled crevices may form closed systems in which further freezing will 
cause bursting pressures. The effect is confined to a shallow zone and 
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14. Blocks uf sprung apart by front wedging. Sierra Nevada, C.'aliforiiia. 

is most noticeable near the edges of cliffs where blocks are poorly sup- 
pt»rted. In liigb mi)untains, freezing at night occurs even during tl»e 
summer months, and there the results arc especially conspicuous. Prob¬ 
ably the wedging apart of minute rock scales or mineral grains is as 
important in the long run as the dislodging of large blocks. 

Direct Effects of Temperature Changes. The heat of a forest fire 
causes large flakes and spalls to break from exposed surfaces of granite 
and other rocks. Unlike iron and most other metals, rock is a pour 
conductor of heat; fire heats only a thin outer shell, which expands and 
is disrupted by the strains that result. Since forest fires set by light¬ 
ning must have been common during long ages even before man came 
to disturb the economy of Nature, doubtless fire has been an agent of 
considerable importance in the disintegration of rocks at the Earth’s 
mrfare 
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Theoretically the smaller changes in temperature between day and 
night may also cause slow disintegration of rocks. Disintegration is 
conspicuous in deserts. The grains of unlike minerals in granite and 
similar rocks l>ecome loose and fall apart, and it has been argued that 
this effect is produced by minute stresses between mineral grains due 
to unequal expansion and contraction of felds[)ar, quartz, and other 
minerals when they are heated and cooled. The spalling off* of thin 
flakes and slabs from rock surfaces, an effect that is more common in 
moist than in dry climates, also has been ascribed to expansion and 
contraction througli repeated heating and cooling. 

This theory has been tested by laboratory experiments, in which 
temperature ranges considerably greater than those recorded in any 
desert have failed to cause the slightest breaking of rock Baini)le&. In 
some experiments the changes in temperature have been repeated tluni- 
sands of times by an automatic Hieclianisin, to test the possibility that 
jatigue in the rock results from repetitions of small strains thrrnigh a 
long period of time. Since no specimens subjected to such treatment 
have shown any changes detectable under powerful microscopes, there 
is serious doubt that temijerature changes play any largi‘ part in 
weathering, except in connection wdth freezing water. Jt is probable 
that slight chemical changes, discussed below, are responsil)ki lor most 
of the effects that have? been attributed to temperature changes. 

Mechanical Effects of Chemical Weathering. Many chemical 
changes cause considerable increase of volume. Hydratirm especially 
produces swelling of the ])artH of the rock affected and therefore sets 
iqi strains. The outer surface of an exposed rix'k dries rapidly; Imt 
moi'sture that penetrates into minute crevices remains until sr»me decay 
is effected. Slow increase of volume at slight depth finally disrupts the 
rock, and jrieccs that are quite or nearly undccorai)iised are broken off. 
Exfoliation, the spalling off of flakes and of cornparativelj* thin con¬ 
centric shells (Fig. 15probably results chiefly from such chemical 
effects, although many observers liavc attemiHed to explain it as caused 
entirely by temperature ehanges. It is significant that exfoliation is 
common only in regions where moisture is fairly abundant, and n(jt in 
deserts where rapid changes in temperature arc inobt extreme. Detacli- 
ment of thick shells of granite parallel to the surface of the ground i.s 
not a direct result of weathering. Many of the great shells that sepa¬ 
rate from tlie granite domes near Yosemite Valley, California, are 10 
feet or more in thickness (Fig. 16); and it is highly improbable that 
either hydration or any other weathering process can be the original 
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cause of the fraet\|ring at surh a depth below the surface. It has been 
suggested that relief of load by erosion of material from the top permits 
the rock to expand, with the result that thick shells ire detached, as in 
the Yosemite domes and in Stone Mountain, Georgia. Exfoliated sliells 
a fraction of an inch or at most a few' inches thick are much more 
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Tiu 15. Lxfolrilioii o( granite, near NTovarla Oty. Califonim This locality is in a 
mountain district, whero rainfall and teiui)eialiire are model ate. 

cominnn, find these irioie logically can be attributi'd to hydration or 
other chemical changes, assisted by freezing of water that is admitted 
by the initial cracks. 

The blow dihintegratinii of granite into its constituent mineral giaiiib 
probably results at least in part from hydration in microscopic crevices, 
even in the driest regif)ns. In Egypt the siirficial disintegration of 
granite blocks and monuments is more pronounced in shaded places 
where moisture is conserved than it is on the sides most exposed to 
sunshine. Presumably the opposite would be true if temi'ierature 
chano^cs were the cause. 
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Mechanical Work of Plants. - The wedging apart of rocks by the 
roots and trunks of growing trees has some importance in weathering. 
Shrubs and smaller plants also send their rootlets into tiny crevices of 
the bedrock and slowly enlarge the openings. In the course of time, the 
amount of disintegration accomplished in this way must be large, but 
much of it is obscured by chemical wcatliering which takes advantage 
of the openings as soon as they are formed, and therefore tlie effect ran 
not be evaluated (luantitatively. 

F.^.CTOBS INFLUENCING TUB RATE AN1> CHUUC/rBU OP WEATHERING 

Influence of Climate. Pronounced roiitrusts in climatic conditions 
are accountable fur striking differences in the rate of weathering and in 
the effects produced. Since both wannth and abundant water ace es¬ 
sential to effective chemical change in rocks, chemical weathering pro^ 
eeeds very slowly in polar regions even if moisture is plentiful, and in 
deserts even if temperature is high. Decomposition progresses most 
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Fig 16 Large shells of fframte parallel to the surface The top of the cliff tr 
500 feet above the foreground, and some of the curved Mis are 10 feet thek North¬ 
east Side of Half Dome, Yosemite Valle;\, Caltfornta. 
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rapidly and reaches to greatest depth in moist tropical lands, although 
it is quite effective also in temperate regions that have abundant rain. 

The controlling influence of rainfall appears convincingly in a com¬ 
parison of the rainfall belts of the United States (Fig. 17). Decom¬ 
posed mantle forms a thick cover in most parts of the sotithern Mis¬ 
sissippi Valley and of the South Atlantic States. In the southern 
Appalachians, Mdiere rainfall is exceptionally heavy, the residual man- 
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tie attains thicknesses of leas and even hundreds of feet, and decornpo- 
sitinii ol its corirttituents is extreme At the same latitude but v^itli 
only one-fourth as much rainfall, the “panhandle'^ of Oklahoma lias 
a thin mantle and numerous exposures of bedrock. In the and region 
of simthern Nevada and southeastern California, over gi’cat areas the 
bedrock actually appears at the surface or is veneered only Mutli coarse 
rock debris tliat appears fre.«h or only slightly decayed. The coastal 
belt of Washington and Oregon has the heavie.st rainfall in the United 
States, and the cover of decomposed mantle in that region is very thick, 
althougli the average temperature is considerably lower thaft list the 
southern Appalachians. In" all moist regions of the temperate j^wes 
the luxuriant growth of vegetation is an indirect but powei^ful fltlly of 
the ordinary chemical processes. The dead plants build up iq the 
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mantle a substance called humusj which furnishes carbon dioxide and 
thus increases the effectiveness of water in leaching the mantle and 
decomposing the bedrock. Arid regions arc deficient in both soil and 
water for the growth of abundant vegetation, and therefore no humus 
is produced in such regions to reinforce the scanty w^ater that is avail¬ 
able for weathering. 

It is evident that decomposition is dominant in moist parts of the 
country, and disintegration in the arid regions. It is not to be inferred, 
however, that forces causing mechanical breakdown are absent or of 
small consequence in areas where rainfall is large. Disintegration is 
very effective in such areas as long as bedrock is exposed; but the 
results are partly obscured by chemical decay, and, as a thick decom¬ 
posed mantle develops, tlie bedrock beneath becomes more and more 
immune to mechanical disruption. In an arid region the forces caus¬ 
ing disintegration may actually be less powerful, but since no insulating 
mantle of soil or clay is formed the work continues unaliated ami the 
cumulative results are conspicuously displayed. Frost weathering is 
limited in such regions owing to the scarcity of waiter, and there i*- no 
proof that any important disintegration reMilts from direct licating and 
cooling of the rocks (p. 30J, Plants play an apiwcciable part in dis¬ 
integration only in areas sufficiently moist to su])port abumlant vege¬ 
tation- Volume increase from chemical effects, which probably is one 
of the most important factors in mechanical weathering, is far more 
effective in moist than in dry climates. 

Frost wTtlging function,s at its best in high-temperate latitudes or in 
corresponding climatic zones of high miamtains, wlierc alternate freez¬ 
ing and thawing occur during a consiilerable part of the year. 

Influence of Topography, Since topogra})by i.s an imjiortant ele¬ 
ment in determining climate, it exerts a large indirect effect on weather¬ 
ing. The average temperature decreases with increase of altitude, and 
hence frost action i.s effective in high mountains even in low latitude,'^ 
Rainfall generally increases witli increasing height, and therefore ev<*n 
in a very dry region the mountain peaks and ridges have sufficient 
moisture for some frost action and for considerable hydration of min¬ 
erals, with resulting disintegration of the rocks by scaling or sfialling, 
in addition to some decomposition. 

Topography has also a more direct control in the weathering process. 
Where slopes are steep most of the loosened debris falls, rolls, or is 
waished to lower levels, and thus fresh surfaces are exposed to the 
attack of the Aveather. At the basc.s of high cliffs the fallen blocks 
accumulate to form masses of sliderock (Fig. 12). Such deposits de- 
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velop below cliffs in nearly all regions tliat have niggecl relief, what¬ 
ever the nature of the climate. Their presence is evidence of fairly 
rapid disintegration of the rocks above tliem. 

Mountains in moist regions ordinarily have their lower, gentler 
, slopes covered in large part with d(‘composcd mantle. Rolling topog- 
rajiliy at a moderate elevation offers the most favorable opportunity 
for decMnnposition to extend to great depth. Vegetation protects the 
soil from rapid erosion, anil as the upper part of the mantle decays 
more and more the chemical reagents penetrate to greater depth. 
There is a limit to tliis penetration, because below a certain depth all 
the ojienings are filled with waltT which moves very slowly or is almost 
stationary. Under areas tliat have moderate altitude, however, like 
some parts of the southern Apjialachians, water in the ground drains 
downward, carrying carbon duixide and organic acids to deeper zones 
and allowing the air to entcM’ openings to considerable depth (Chap. 7). 

Influence of Rock Composition. Rocks vary greatly in their sus¬ 
ceptibility to weatlieriiig under different climatic conditions. Quartz 
is one of the most stable minerals, and rocks composed almost wholly 
of it, such as quartzite or siliceous sandstonL, are esi)ecially stubborn 
in their rcsi'^taiice, (Jranite yields luucli more easily in any kind of 
climate; in a moist region the feldsjiar decomposes to form clay, and 
in a desert the grains of feldspar and quartz fall aj)art, probably 
through stresses set up by slight Jiydration of the feldspar. The actual 
late at which these changes occur, however, is slow as judged by human 
standards, (iranite has a long life in buildings and in monuments. In 
the Sierra Nevada some granite surfaces retain the polish and scratches 
formed by glacier icc thuusandb of years ago (Fig. 18). 

Limestone is dissolved wherever there is sufficient water; caverns and 
sinks are formed (Chap. 7), and the limestone finally disappears, leav¬ 
ing only tlie small amount of clay, sand, or other insolulilo impurities 
that may have bcTu contained in it. Tn a moist climate, therefore, 
limestone weathers faster than many other rocks and tends to form 
lowlands; but in arid lands extensive solution can not occur, and then« 
limestone is one of the must resistant kinds of rock. In many i)art.s 
of Nevada aiul adjacent States, thick scries of limestone layers make 
the highest mountain ridges and peaks. 

Ordinary shale consists chiefly of clay w^hich was the product of 
chemical weathering in an earlier geologic period. Further weathering 
can not cau»c much additional change in eompo.sition, but shale dis¬ 
integrates easily into soft clay, especially if it becomes thoroughly 
soaked with water. In regions of old mountains like the Appalachians, 
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rJS Gramte surjact ht^h on tho mountain dope aberve Yosemite Valley^ CaU- 
fomta Movement of ^lacter ice during the latest ice age gave the bedrock a high 
pehih. Although there may have been a covering of glacial debris that finally 
was removed by erosion ^ certainly the bedrock haj been expo fed foi a long time; 
yet ueathermg has destroyed only part of the polished surface by loosening thin 
flakes and slabs of rock 


where the rocks are steeply inclined sedimentary strata, the re'sistant 
sandstones come to form the high ridges, whereas the w^eaker shales and 
limestones underlie the valleys and jdains Some sandstones, however, 
are not highly resistant. If the grains are cemented with calriiim cai- 
bonate, solution removes the cementing material and the sand giains 
fall apart. 

PRODUCTS OF WEATHERING 

Residual Mantle. Wherever w^eathering occurs, part of the result¬ 
ing debris is carried awray by running water, wind, or some other trans¬ 
porting agent. In some places the loosened material is removed as 

f“st. PS it. IS fnrmpd. onH thfi hfidrnnV is p^nnseH «r ri'ilfcronis .fT<'inr, 19) 
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In many areas only part of the weathered rock i» removed, by soltd^on 
or otlierwise, and a residue of the weathered material accumulates as 
residual mantle covering the be-drock to variable depth. In regions 
with plentiful rainfall the upper portion of this residual mantle nor- 
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Fig. lipsidual luantle on »>odrock. The mateiial Kiado» fioui firm rook below, 
tluough rotten lork, into (ld> littered \%ith rock fragiuwiU, and finally mto 80 il made 
daik by huimw. Near \\ iishington, I>. C\ 

iiially consif<tte of soi], anil there in a gradual change downward througli 
clay that contains some rock fragment'* into more or loss rotten rook 
(Fig 191 This evident relation to the underlying rock, shown by 
almost in«=*ensible gradation into it, is characteristic of mantle formed 
in place. 

Residual mantle, of course, represents only a fraction of the original 
bedrock from which it was derived. Aside from continued lo.^ses that 
may have oceunred through washing or blowing away of solid particles, 
all thoroughly weathered mantle has had a considerable percentage of 
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its original mass dissolved and carried away by water. Such elements 
as sodium, potassium, and calcium, abundant in the feldspars of igneous 
rocks, go into solution when these minerals arc decomposed. The salts 
contained in sea water, and in brines like those of Great Salt Lake and 
the Dead Sea, have come in large part from the leaeliing of weathered 
rock during long ages. Tlie va.««t quantities of limestone now exposed 
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Fi(i. 20. Ilo»i(]u.al biiiildorri roiiiuufc b> ^veatlir^rinf; of joiiitE'ci e^!trlltl^ Vr'eatluMin;; 
progre8i$es into eaob aiigulai blork, graduoJly lounding off tlic ruriiem. Jjuramio Rttbin, 
Wyoming. 


on the continents represent calcium that was dissolved from older rock 
material and precipitated as carbonates on sea flotirs which latej’ be¬ 
came land by elevation (Chap, 12). 

Residual Boulders; Spheroidal Weathering. In some situations 
most of the fine-graiijpCd products of weathering have been reniovetl, 
but rounded boulders made of rock like the underlying bedrock are scat¬ 
tered on the surface. Many such boulders have been fashioned from 
rectangular blocks bounded by joints or cracks (Fig. 20L Since the 
corners of such blocks are attacked from all sides simultaneously they 
are rounded off, and continued exfoliation of thin shells finally makes 
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the boulders i>early spberipal or egg-shaped. SoiJie of these residual 
bmhJers have an onion-like structure, with partly detached thin shells 
several layers deep (Fig. 21). This type of weathering is sometimes 
called spheroidal weathering. It takes place only in fairly moist cli¬ 
mates, and since the minerals in the sliellg show the effects of hydra¬ 
tion and other chemical changes, the belief that chemical effects rather 
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I'kj. 21 . Granitu Ixiulder with coaceiitrip stlirlls by weatl»»ring. Sioiia Nevada, 

('dliroiiiiu. 


tlian liujipcrature chiiiigori are responsible for exfoliation is strongly 
supported (p. 37). 

Pome bodies of rork contain masses of exceptionally resistant ma¬ 
terial which r(‘main as residual boulders after Gathering has reduced 
the weaker parts of the bedrock. Fur example, the chalk of soutliern 
England, well exposed in the cliffs of Dover, contains many nodules 
of daj’k dint. As tlie ivoak chalk is disintegrated and dissolved, the 
flint nodules are set free. Similar nodules of gray silica, known as 
chert, abound in some limestones in parts of the Appalachian region, 
the Middle West, and other sections of the United States. With the 
wasting away of the limestone tlie chert nodules accumulate until they 
litter llio surface in large areas. 
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Soils. The term soil is sometimes applied erroneously to mantle of 
any kind, but properly it refers only to the part of the mantle whicli 
has been so decomposed and otherwise modified that it supports rooted 
plants. Development of a good soil is an extremely slow process. 
First the upjjcr part of the mantle heroines sufficiently decouiposed to 
yield Home plant food, and a little vegetation takes root. Ordinarily 
the soil at this stage is scanty and poor in quality; it contains large 
quantities of disintegrated rook, little altered, and may be called an 
imw<itwre soil. As the plants die and are partially decayed they con¬ 
tribute some organic material, which contains carbon extracted from 
the air by the growing plants. Bacteria multiply in the soil, and some 
of these serve highly important functions such as taking nitrogen from 
the air and combining it with other elements to make availsble food 
for plants. The decaying vcgelable matter furnislies aeidi^ that helj^ 
to deoomp^jse the mineral particles in the mantle and leach out some 
substances, carrying them to lower levels. 7'hus the eomi)OHition of 
the soil changes continuously, though slowly. If erosion does not dis¬ 
turb progress, and if there is plenty of rainfall to cany on chemical 
weathering and to support vegrtation, the building of the soil aeeoler- 
atos for a time, since each step in the development iiieveases plcnt 
growth and tlie resulting contribution of organic matter in turn speeds 
the development. Gradually the soil grows deeper, and as it loses all 
except the most insoluble of the original mineral particles it becomes 
nwtvre. Usually the topsoil has a darker color than the underlying 
subsoil, ^^'hicl] contains some materials carried down in solution but 
lacks the mo&t vital ingredients developed in the toixsoil. Generally 
a mature soil consists of several fairly definite layers, each from several 
inches to several feet thick, which are di.stinet in color and alsf) in 
physical and chemical composition. The complete succession ot these 
distinctive layers from the surface* down the unchanged parent ma¬ 
terial is called the soil profile. The following tabic represt^nts, in some¬ 
what simplified form, the profile of one soil developed in a moist tro))icai 
region at a high altitude. 

Fkofilk of Residual Soil on GNicitoS, Tanganyika, East Aphu’a 

% 7f> Organic 




Clay 

Carbon 

(>- 8 in. 

Dark, blackish brown topsoil 

27.4 

6.17 

8-27 in. 

Dark, orange-brown subsoil 

40.6 

1.72 

27-70 in. 

Mixture of clay with roi*k fragments 



Below 70 in. 

Decomposing gneiss 
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Most soil profiles contain a number of distinctive units, and many 
are highly complex. In a thorough study, the analyses give more con¬ 
stituents than the two ehowm in the table above. In particular, the 
clay is broken down into several fractions; most clays are complex 
mixtures, and the exact composition of a clay is significant to a student 
of soils. 

As long as a soil developed on residual mantle is skeletal or immature 
it reflects the character of the underlying bedrock. An immature soil 
on granite (Fig. 19) is rich in clay fonned from the W’ealhcred feldspar; 
it contains numerous bits of quartz and other constituent mineral grains 
of the granite, set free but unaltered; iron derived from biotite or from 
hornblende lias been oxidized, and the resulting limunite colors the clay 
yellow; and the clay contains certain soluble substances such as potash 
which suggest the composition of the original feldspar. A soil derived 
partly from shale and parily from limestone contains an ahuiidance of 
clay and is rich in calcium carbonate. However, as these unlike soils 
mature under similar climatic conditions they grow' more alike, and 
eventually it is difficult to distinguisli betw^een them. In large areas of 
the United States the soils are more or less immature, and we commonly 
hear such tcnris as granite hoUs and limefitone soHh wliich suggest the 
recognizable relationship to the parent bedrock formations. There arc 
only a few chief kinds of mature soil, and thc.«c kinds reflect the cli¬ 
matic conditions under which they w^ere deYeli)j)ed. 

Soil Character Determined bg Climate. To illustrate the effects of 
climate, let us consider the develojmicnt of two strongly contrasted 
kinds of soil. Tn tljc cooler parts of the temi>erate zones, good soils are 
dark from tlieir high content of humus, the organic matter derived from 
plants ^Fig. 19). In tropical countries, on v^ell-draincd ground at low* 
or moderate altitudes, soils contain no luiinus wdiatever, even if they 
support a dense grt»wth of vegetation; luiinus in the low'-altitude tropic.s 
exists only in swami^fe. Tln‘ reason for this striking contrast between 
the tropical and the cool temperate zones is simple. Bacteria destroy 
humus in the soil; bacteria arc numerous in all soils, but their develop¬ 
ment is retarded by the conijiaj'atively low temperatures in high lati¬ 
tudes, and therefore in those part,s of the world humus develoj)s faster 
than it is destroyed wherever plants grow abundantly. In the tropics 
the liigh average temperature stimulates bacterial grow^tli to a maxi¬ 
mum, and liuiijus is destroyed as fast as it can form (Fig. 22). In 
swamps, how^cver, aerobic bacteria can not thrive because the water 
excludes air from the soil, and therefore humus accumulates in tropical 
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swaxnps. It is found also in high mountains in the tropica, where lower 
temperature checks the development of bacteria. 

But the difference in humus content is not in itself the principal point 
in the contrast between typical soils in the two zones; the final conse¬ 
quences of the presence or absence of humus are very important indeed. 
With the aid of humus, water percolating through the soil gradually 
leaches out certain substances, especially iron oxide and aluminum 
oxide, depositing them at lower levels in the mantle. If no humus is 



Avtraga Annual Ttmptrafura 

Mndijipd from Parry JRrtVfce. 

Ficj. 22. Curve 2 shnws that aerobic bactciia (tho»e tlmt lequirc ficc oxygen) tbrivo 
lieHt in annual temperatures that average about 3Ji.5*C, The rate at which plautH 

(joritribute organic matter (.o soils jiicroaiies up to 23“C. (77®F.) average annual teiiit)era- 
tiiri* (curve 1), at lughcr teinperiitiires, aerobic bactciia destroy all organic matter in well- 
draiiied soiK. 

present the water ran not remoA’c these substances, which therefore 
become t‘onrentrated in the soil as other materials are removed. There¬ 
fore the common .soils of tropical countries arc rich in alumina and in 
many regitms arc colored various shades of red by oxidized iron Such 
a soil is called laterite, from the Latin later, brick; the material has 
for centuries been cut and used a.s building bricks, as illustrated in tlie 
famous ruins of Cambodia in French Indo-Cliina. In veiw old later- 
ites these hydroxides are so concentTaied and plant food is so deficient 
that plants grow' noorly even with a high rainfall. Such soils cover 
large areas in India, Brazil, and other ccuintries whose rainfall is eon- 
trolled by the seasonal monsoon winds. Other mature* tropical soils 
have a high content of alumina tmt lack the iron oxide coloring. Ex¬ 
treme development of alumina-rich soils has resulted in accumulations 
of bauxite, from which the metal aluminum is deriv(?d. 

Humus-laden soils are not devoid of iron and aluminum oxides, but 
the quantity of these substances continuously diminishes in such soils 
as they mature. The presence of some iron in nearly every soil is 
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demonstrated by heating a sample to a high temperature in a kiln or 
oven; all the organic matter is brnmed out, and tlie iron compounds 
disseminated through the soil become ferric oxide (FcaOa), which gives 
the whole mass a reddish color. Before the heating the iron was kept 
reduced by the organic matter to the ferrous condition, in which form 
the iron compounds have no conspicuous color. Mature soils in the 
warmer i)arts of the temperate zones are intermediate in character be¬ 
tween those of more nortliern regions and the tropical latcrites. In 
the southeni Appalachians the thick soils on well-drained foothill slopes 
arc distinctly red, indicating that bacterial action is vigorous in de¬ 
stroying humus and thus pcrinitting arcuimihition of ferric oxide. 
However, in the stream valleys of the same region, where the mantle is 
more continuously wet and plant growth is more vigi>rous than on the 
slopes, the <^ 01 ! is prevailingly gray nr black. F^videiitly in these situa¬ 
tions the humus, if it dc^es not actually leach out the iron, at least ktH)ps 
it reduccfl to the ferrous state and so ubscurt^s it. 

*So?l Srienre. Tlvc stiuly of soils is an iiniu)rtani science in itself, 
quite apart from geology. It requires aii intinmtt* acquaintance with 
principles of elicmistry and pliysics. The foregoing brief discussion is 
necessarily incnmi^lete and oversimplified. For an aderpiate treatment 
the student must consult an (extensive literatim* jirepared b}^ specialists, 

Jll KrKRENTIAL M'KATFIERINO 

The unequal resistance of rocks to weathering is responsible for many 
details in landscape features under any climatie conditions, but par¬ 
ticularly in arid and si'iniarid regions. In laiuls that have abundant 
rainfall the soil and other mantle conceal most of the berlrock and tend 
to obliterate small irregularities. Wlierever there are rlififs or other 
outcrops, however, the rucks are sculiJtured into irregular forms by 
more rapid disintegration or decay in some jiarts of the rock than in 
others. This uiieciual yielding resulting from the nonuniform character 
of rocks is calletl difjeren.tial ireathering. 

The scale of differential weathering has a wide range; the nonuni¬ 
formity of bedrock ia responsible for some of the largest features in 
a landscape and also for minute irregularities of microscopie size. 
Thick sandstone formations tend to make ridges while adiaceni shales 
are worn down to form lowlands; great thicknesses of limestone dis¬ 
appear by solution under humid climates but show superior resistance 
by forming mountain ranges in arid regions. Of course other impor¬ 
tant factors besides weathering are involved in producing these major 
landscape effects. Most rocks that arc susceptible to rapid vreathering 
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also yield easily to cutting by streams or other eroding agents, and 
therefore the final results have a complex origin. However, the pari 
played by unequal weathering in producing uneven topography is 
fundamental. 

The fashioning of many smaller features depends more directly on 
differential weathering effects. Alternating layers of sandstone and 
shale exposed in a cliff yield at different rates; gradually the shale gives 
way to form re-entrants between the projecting sandstone strata. If 
shale lies beneath thick sandstone an overhanging cliff results. Strik¬ 
ing effects are produced from various combinations of resistant and 
weak beds, especially in serniarid regions. Jointed rocks are fashioned 
into irregular pillars, some of which have remarkable and impressive 
forms. There arc numerous excellent examples in the Garden of the 
Gods, Colorado, and in Brj'cc Canyon, Utah. In many places large 
residual boulders are left delicately balanced, with only a small surface 
in contact with the rock beneath. 

Quartz veins and small dikes of resistant igneous rock stand in relief 
as the surrounding rock is etched away. Veinlets that intersect in an 
intricate network form patterns that resemble lace or filigree work. 
Some sandstones that look quite uniform on fresh faces weather into 
a maze of pits and ridges that suggest honeycomb. This nffcct indi¬ 
cates irregular eementation of the sand grains. 

Under certain conditions rock of uniform composition also weathers 
irregularly. Shallow depressions on exposed sui’faces promote local 
decay by luilding rain water and thus keeping small y-reas moist. As 
weathering proceeds the depressions decjx’n, and the effect is intensified. 

Peac'hcal AsPiSiJTs OF AVeatuerino 

Some appreciation of geologic time is necessary for a proper perspec¬ 
tive of w^eathering processes and effects. Fresh rock shows little evi¬ 
dence of decay during the lifetime of a man. Ornamental building 
stone may lose its polish and become discolored; but centuries are 
required for the visible disintegration of resistant building blocks. 
Some old European castles bear eloquent testimony to the cumulative 
effects of attack by the weather (Fig. 23). Sturdy masonry of much 
more recent date requires frequent repairing, and wc learn by inspec¬ 
tion of stone structures in practically every city that it is poor economy 
to use weak, porous stone for constructing important buildings. 

The soil is mankind’s most priceless material heritage from past 
ages. Even after the bedrock has been broken up and decomposed, 
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thousands of years are required for the development of fertile soil a 
few inches thick. Countless generations of plants must live and die, 
myriads of bacteria must run their life cycle, to supplement the physi- 
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Fig 23. Culumua beside a doorway of Durham C*astle, showuis pfTBCta of 

weathering 

cal and chemical weathering uf rock material in the preparation of an 
agricultural soil. Once the humus-laden topsoil is st^ept away from 
a field, there is no practicable way Ui repair the damage quickly, even 
with the most laborious and expensive addition of prepared fertilisers. 
It is appalling to see the careless and ignorant waste of good soil in 
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larg^ areas of this country. Recent widespread interest in soil conser¬ 
vation is a hopeful sign 4;hat a concept of the soil as a precious and 
perishable national asset is growing in the public consciousness. 

Relation of Weathering to Other Aspects of Erosion 

In the discussion above it has been necessary to point out repeatedly 
the interruption or modification of weathering effects by streams, the 
wind, or other agencies. Weathering is not an isolated process; it is 
Intimately related to other activities at the Earth’s surface, all of 
them striving toward the same end—^the wearing away of the conti¬ 
nents. Weathering attacks the rock in cliffs, and as tiny particles arc 
kxisened they are washed off by rain or blown nway by the wind. 
Larger pieces fall to the ground, where weathering continues ia reduce 
them while gravity and running w^ater urge them dowm the slopes. 
Beneath the surface, w'eathering proceeds wdth less interruptit)n and 
produces a considerable thickness of soil and other mantle; but as this 
cover forms it slowly migrates to lower levels by a process described 
later as niass-wasting (Chap. 4); continuously the water soaking 
through the mantle robs it by dissolving various substances; vratcr at 
the surface forms gullies and w'ashes the material into larger streams; 
and as the moving mantle arrives at the bottoms of valleys the streams 
take their toll directly (Chap. 5). Thus weathering and transportation 
of rock materials proceed together. Streams and the wdnd carry peb¬ 
bles or sand grains along the ground, and by the friction other particles 
are wu)m from the bedrock or from the moving debris; but this process 
of frictional wear is distinct from w^eathering (Chaps. 5 and 10). 

Some of the mantle in transport is dropped temporarily at the bas(»s 
of mountains, on the floodplains of streams, on beaches, or in sand 
dunes; but in the upper parts of these deposits disintegration and 
chemical decay continue. There is no escape from the unrelenting 
attack until the debris is deeply buried on land or spread out in lakes 
or upon the sea floor, and there enters into the formation of new sedi¬ 
mentary strata (Chap. 12). 
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MASS-WASTING AT THE EARTH’S SURFACE 

Weathering is essentially a static process, and any removal of 
weathered material from its place of origin is accomplished by other 
agents, of which the most conspicuous arc rainwash, streams, glaciers, 
waves, and the wind. However, there arc important movements of the 
mantle, for the most part slow but locally rapid and even catastrophic, 
which are not directly dej)endent on the common transporting agents 
and arc closely related to the continued action of weathering. These 
movements, which are controlled directly by gravity, in large part 
escape notice because their average rate is imperceptibly slow; never¬ 
theless they account for a large and essential part of erosion. Because 
the movements affect large masses of material as units, and because 
they are part of the general wasting to which all the lands are subject, 
the entire process including these movements is here designated mass- 
wasUng. 

In some of its forms mass-wasting proceeds so slowly that it is de¬ 
tected only by circumstantial evidence. In other forms it is clearly 
perceptible, and exceptional movements take place at a rapid rate. 
There arc all gradations between extrcjucs in rate of movement. How'- 
cver, the processes involved can be grouped into those that operate 
gradually and those that are distinctly faster in their operation. 

Geadval Movbmejnt.s 

Creep. The mantle on slopes, however gentle they may be, is subject 
to slow but continuous downward migration, known as creep. This 
movement goes on even though the slope has a close covering of grass 
and other vegetation that acta as a protective armor against the for¬ 
mation of gullies. As we look at such a slope it is difficult to believe 
that it loses anything to erosion except for some mineral matter taken 
into solution by water percolating beneath the surface; nevertheless 
the entire mantle is moving down the slope, carrying the cover of vege¬ 
tation with it. The moving force is gravity. On even a moderate slope 
the weight of the loose material creates a tendency to.slide or flow. 

54 
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When the soil is soaked with rain, the water m the pore spaces adds to 
the weight and also lubricates the mass, thus decreasing the friction 
that retards motion. Gravity acts continuously, and even if move¬ 
ment is almost infinitesimal in the course of a year, the final result is 
inevitable. 

Numerous factors contribute to the effectiveness of creep. In regions 
that have cold winters, water in the mantle tends to become segre¬ 
gated and frozen into layers of clear ice which 
separate layers of soil or clay (Fig. 24). Since 
the ice represents an addition of volume, there is 
uplift of the surface equal to the total thickness 
of the ice layers. This action is called frost heav¬ 
ing, On a hillside the surface of the ground i« 
lifted essentially at right angles to a slope; when 
thawing occurs, each point tends to drop verti¬ 
cally instead of returning exactly to its former 
position (Fig. 25). Freezing causes expansion 
also parallel to the slope, with resultant displace¬ 
ment of particles chiefly downslope, under the in¬ 
fluence of gravity. Animals that buirnw in a 
slope jiile must of the excavated material down- 
slope; and later the burrows are filled by soil 
creeping from above. Plant roots in their growth 
wedge material chiefly downslope, and cavities 
foimed by decay of roots are filled in the main 
by soil frtun the upslope side. Uprooted trees on 
hillsides tend to move downslope, urging soil and 
loose stones with them. As boulders and other 
rock fragments on a slope disintegrate, most of 
the detached particles fall or roll farther down- 
slope. »Slow removal of mineral matter in solu¬ 
tion by percolating winter creates voids in the 
mantle that tend to be filled by material urged 
down the slope. All these effects, individually 
small but all in the same direction, add up to large totals through 
countless repetitions. 

Although tlie rate of creep is slow as judged by human standards, in 
many situations it is at least roughly measurable. On one slope where 
a railway was repeatedly disturbed, the rate of creep w’as estimated 
as 6 to 10 feet in 50 years. Poles, fenceposts, and gravestones set on 
hillsides become tilted downslope, and in time require resetting. Stone 
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concrete retaining walla on auch slopes are displaced or broken, 
and road grades become badly disturbed (Fig. 26). On some hillsides, 



Fio. 25. When t.ic Hoil on u hillside expaiidH hy freezinp:, surface material at a is earried 
outward, at right angles, to b; when thawing ueuurti and the surface subsides, the material 
tends to drop vertically to c. (Vertical scale exaggerated.) ^ 


tree trunks arc tipi>eil at noticeable angles; less commonly the trunks 
have a strongly convex bend downslope, the result of a conflict between 
creep and the tendency of trees to grow vertically. Even the upper part 



Modified from C- Stewart Sharpe, Cofumfiia Univereitv Preee. 

Fio, 2(1. FfTocts of erwp on telephone, polos, trees, walls and monuments, a road grade, 

and strata in liedroek. 


of weak bedrock is involved in the persistent creeping movement 
(Fig. 26). 

A striking illustration of creep as affecting the works of man is fur- 
nis^hed by Durham Castle, a stone structure built several centuries ago 
near the top of a steep slope in northern England. For a long time 
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there ha\*e been conspicuous cracks in the walls, and a few years 
some of the cracks had grown so wide that partial collapse seemed to 
be threatened. On investigation it was learned that the foundations of 
the castle did not extend to bedrock but rested entirely in the thick 
mantle of the hillside. During the centuries this loose mantle has 
been creeping slowly down tlit slope and striving to carry the castle 



Fig. 27. UiiHortFcd solifluction debris exposed m road rut. South alope of Culiaix^ll 
Peak, northeastern Woshinfriou, at altitude 5000 feet. Tlic sertion shown in the view is 
about 10 feet loiiR. 

with it. As the rate of movement was not everywhere the same, the 
walls of the building were being twisted and ruptured. The danger 
has been removed, with considerable difficulty and at large expense, 
by strengthening the foundations and extending tliem to greater depth. 

Solifluction. A special form of creep is common in regions wdiere 
the ground freezes to considerable depth. In warm seasons the upper 
part of the mantle thaws, while the lower part remains solidly frozen. 
Since the surplus water has no opportunity to drain downwrard, the 
upper unfrozen layer of soil, varying in thickness from a few inches 
to several feet, becomes saturated. Explorers in Arctic and high 
mountain regions find that mantle in this condition is like a viscouf^ 
liquid and will not bear a man’s weight. On slopes the saturated 
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ig. 28. A rock glacier in Silver Basin, Colorado. Slow movement of the rock 
debris is indicated by the pattern of surficial ridges. 


mantlo flows sluggislily, like a thick liquid; this type of movement is 
appropriately known as solifluction (soil flowagel. One result is the 
mixing of soil with coarse rock fraginent«^ to form an unsorted mass 
of debris (Fig. 27), 

Rock Glaciers. At the bases of exceptionally steep mountain slopes, 
rock debris accumulates rapidly, and in favorable locations masses of 
the debris take the fonn of rather definite “streams” that mr)ve slowly 
doAMi slopes or narrow valleys. Freezing and thawing of wat^jr in such 
masses, together with gravity, produce gradual movement. From their 
general resemblance to valley glaciers fp. 165) these streams of rock 
fragments are called rock glaciers. They are especially numerous and 
well develojx^d in Alaska and in the San Juan Mountains of southwest¬ 
ern Colorado (Fig. 28). 

More Rapid Movements 

Sliderock and Talus. When rock fragments are loosened on the 
face of a disintegrating cliff they fall to the slope beneath, and by rolling 
or sliding reach a position of rest lower on the slope or at its base. 
Continued accumulation results in a heap or sheet of waste, called a 
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talm (Fig. 29). This term ^.pplies to the bo4y of rock fragments as a 
unit; the material composing the talus is didisrock. Typically the pro¬ 
file of a talus is a cur\^e concave upward, steepening at the top to the 
maximum angle at which the coarsest of the sliderock will lie; for the 
largest rock fragments, this angle may approximate 40 degrees. Zn 
the upper part of a steep, growing talus the fragments lie in delicate 
equilibrium, so that the weight of a climber may precipitate violent 
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Fig, 29. A talus in typical rclatirm to bedrock and lower soil-covered slope. The creep¬ 
ing mantle is slowly carried away as it reaches the stream, at the right 


sliding. There are frequent additions of new material, sometimes 
through the falling from the cliff of large rock masses that shatter from 
impact, but more commonly through the dropping of individual blocks 
loosened by frost action or the w edging of roots. 

Exceptional blocks that fall in a position favorable for rolling gain 
momentum as they descend and do not stop until they reach the lower 
gentle part of the slope. Generally, however, the freshest blocks lie 
in the upper part of the talus. In time they are disintegrated and 
decomposed, and the resulting fragments arc carried down, the slope. 
In a moist region the lower part or toe of a typical talus merges into 
a soil-covered slope set with grass or other vegetation (Fig. 29). Be¬ 
neath such slopes there is slow creep of the mantle. The coarse debris 
in the talus also undergoes continuous creep {talus-creep)j with occa¬ 
sional interruptions by local rapid sliding. 
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Many conditions affect talus development, and consequently there 
are wide variations in form. Vigorous streams that flow near some 
cliffs carry away all the finer debris, and only the large blocks remain 
to form a modified talus. On some mountain slopes the fragments 
dislodged from cliffs during the colder months slide or roll on snow 
of varying depth and build irregular heaps of debris known as winter 
talus ridges, which lie beyond the toe of the normal talus. Since frost 
wedging is particularly active in high mountains during late winter 
and spring, while the snow is deep and firm, winter talus ridges are 
strongly developed below some slopes that have little normal talus. 
After the sn(»w has disappeared the ridges lie so far from the parent 
slopes as to seem puzzling unless the building process under wdnter 
conditions has been observed. 

Landsliding and Related Processes. In regions with rugged toi)og'* 
raphy, numerous large masses,of earth and rock slide bodily down 
slopes, some of them abruptly and destructively, others so gradually 
that trees continue to grow on them almost undisturbed. Some of these 
landslides involve only loose material originally in the miintle; others 
include important masses of bedrock wdiich, after displacement and 
more or less shattering in the sliding movement, become a part of the 
mantle. 

One of the most famous slides in recent history occurred at Frank, 
Alberta, in 1903. A volume of rock estimated as about 40,000,000 cubic 
yards suddenly slipped from the tup and flank of Turtle Mountain and 
rushed to the floor of the valley more than 3000 feet below. The rock 
W'as shattered by the impact of fall, and the mass of rubble spread 
in a sheet entirely across the valley, obliterating the town of Frank and 
killing 70 people. Momentum carried the front of the slide more than 
2 miles out from the base of Turtle Mountain and 400 feet up the 
opposite side of the valley. 

Although the Frank slide was an abrupt catastrpphe, conditions that 
made it possible had been in preparation fur a long time. The rock 
was weakened by a set of large joints inclined toward the valley. 
Water percolating along these fractures had slowly loosened parts of 
the rock by frost w’edging and solution. Earthquakes that occurred 
two years before the slide probably caused further loosening, but not 
enough to start immediate movement. When the breaking point was 
finally reached, the inclined joints, lubricated with water, served as 
idea] surfaces for the initial slipping. 

Other great landslides in the Rocky Mountain region have created 
large lakes by the damming of streams (Fig. 30). Disastrous landslides 
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Fiq. 30. The 1025 Grou Ventre blide, ab seen from a point about 2 miles upsti'eatn. 
The licad of the slide, out of view at Uio left, is 2000 ft‘et veitirally above the valley floor, 
Munioiitiim of the ilnwii^-rushine mass parried its front far up the right side of the valley.* 
The lake impounded bv the slide ha<l its highest siirfiteo lowered 00 feet as flood watei 
rut a trougJi through part of the natural dam; the earlier high Khurolinc is Ijiest seen on the 
far side of tho lake, at tlie left, Groe Ventre Valley, northwestern V\’yt>™ing 
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Fig. 31, Landslide topography along tho Fraser River, Pavilion, Bntish Columbia. The 
hummocky surface is a conunon feature of large slides. 



PHYBICAL GEOLOGY 


in the Alps^ Himalayas, and other, high mountains are of frequent oc-' 
currence. In some eases man himself, by quarrying and mining opera¬ 
tions, has unwittingly set the stage for destructive slides. 
t Great landslide masses that consist wholly or chiefly of loose weath¬ 
ered material usually move by a mechanism more complicated than 



Fig. 32. Result of earth flowaise on a Hteep graAS-covered slope, after thorough satu¬ 
ration by heavy rains. Note the down.slope bulge of the surface, compensating the depres- 
MOii mfide farther upslope. Berkeley Hilis, California. 


feimplo sliding. Almost invariably the movement of such masses starts 
while they are saturated with water from heavy rains or from melting 
snow. The water greatly increases the weight of the mass and also 
converts all the clay and soil into stiff mud; there is localized flowage 
at varying rates in such a mass, although the body of material as a 
whole may slide on a lubricated base. Some masses of this kind move 
slowly and spasmodically for many years and cause little or no de¬ 
struction ; their motion may be thought of as excessively rapid creep. 




MASS-WASTING AT TSE EARTHS SURFACE SS 

Some of tile trees gromng on one of ihe^ “chrcouc*' landslides ate 
likely to be tilted at various angles, and much of the surface lias a 
characteristic hummocky topography (Fig. 31). 

Other kinds of mass-wasting are more or less related to true land¬ 
slides, although they involve also movements that resemble rapid Areep 
Grass-covered soil on steep or moderate slopes sconetimes starts flow¬ 
ing beneath the sod after borough and deep saturation by exceptional 



C7 F, St€waTl SKarpet U. & StrU CintBcrtahon Service. 

1 TG 33 Slumping of unnommljdated mAtenal in the bank of a stroani, iioar Spartanburg, 

South Carobua. 


rainfall Large bulges are formed downslope, and removal of support 
causes abrupt slumping, with breaking of the sod, on the upslopc side 
(Fig 32) Rapid movement of soil sometimes occur** on a very gentle 
slope if an underlying porous layer becomes supersaturated with water 
Slumping of soil masses is a common occurrence along stream banks 
(Fig* 33), and on many steep hillsides repeated slumping produces a 
series of small irregular terraces; this process is in part responsible for 
some of the '‘sheep paths” that so commonly contour the slopes in hilly 
pasture lands. 

Mudflows, In arid and semiarid regions, fine rock debris becomes 
water-soaked on steep slopes after heai^y rains and moves downward 
as a miidflQw (Fig. 34), which is a form of mass-wasting closely asso¬ 
ciated with running water. Whenever such a flow originates in a nar- 
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row mountain valley, the forward part continues to gather load until 
it becomes a stiff mixture ineapable of rapid motion. This viscous 
frontal portion retards movement of the more liquid upstream part of 
the flood, and the entire mass moves along haltingly, pving out a 
strailge roar from the grinding and bumping of boulders carried in the 
muddy matrix. When a mudflow of this kind passes abruptly from 
the confining walls of the narrow valley onto a wide piedmont slope, 



Fig. 34. Marginal part of a fresh thin mudflow’, after drying. Kast base of the Stillwater 

Range, Nevada. 

the pent-un liquid behind the mnying frontal dam breaks through with 
a destructive rush, and the slimy mass of muddy debris spreads into 
a wide sheet, ruining fertile fields and wrecking houses. 

The moving mass has tremendous momentum. Houses and barns in 
its path are pushed from their foundations, and some large buildings 
have been carried as far as half a mile. Boulders weighing many tons 
are moved along rapidly, rolling and sliding in the muddy mixture, 
some of them finally coming to rest on gentle slopes far out from the 
mountain front. 

In consistency of material and rate of movement, the mudflow rep¬ 
resents a stage intermediate between solifluction (p. 57) and a stream 
of water that bears sediment in suspension (p. 7S). Immense quanti¬ 
ties of material have been moved from mountains and deposited on 
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lowlands by mudflows in thfe rugged parts of Arizona, Nevada, Utah, 
and other western States. In southern California mudflows have been 
responsible for serious damage to farmlands and towns located on 
slopes near the mountains. 

The Role op Mass-Wasting in General Erosion 

General Tendency. From the preceding discussion it is evident that 
the net effect of mass-wasting in all its forms is to decrease the relief 
of the lands. In a general way the entire mantle of weathered ma¬ 
terial on all parts of the continents is s^liding or creeping steadily from 
higher to lower altitudes. The rate of this movement is gi'eatest in the 
high, nigged mountains, least on the low, gently sloping plains; but the 
tendency is everywhere the same. Given sufficient time, free from re¬ 
newed uplifts of plateaus and mountains, mass-wasting without the 
assistance of running water or other transporting agencies would even¬ 
tually reduce the continents to featureless plains. 

But of course mass-wasting does not go on unassisted. The several 
agents of erosion work together and react on each other in a most 
intricate w’ay. This interaction will bo appreciated better as the other 
aspects of erosion are exfdaiiicd in succeeding chapters. However, the 
general picture of mass-wasting can not be completed without a sum¬ 
mary statement that anticipates partes of the later discussion. 

Relation to Weathering. Most of the material moved in mass- 
wasting—sliderock, clay, soil, and other debris—^lias been produced by 
the weathering of bcdrcjck. Disintegration and dccoiriposition con¬ 
tinue while the debris is in transit, and in many ways these w^eather- 
ing processes contribute to the mechanism of movement. Breaking up 
and softening of rock fragments in a talus remove supjiort and precipi¬ 
tate sliding; continued production of clay from feldspar and other 
minerals makes the mantle more plastic and susceptible to flow^age; the 
dissolving action of water nut only promotes creep of the mantle but 
also weakens the bedrock under steep slopes and prepares the way for 
landsliding. Many of the movements in mass-wasting likewise increase 
the effectiveness of weathering. Migration of the mantle formed on 
hillsides exposes new bedrock to mechanical and chemical attack. 
Rock fragments moved in mudflows or landslides are broken by im¬ 
pact and grinding, and thus fresh surfaces are exposed. When great 
masses of bedrock are moved and broken up in landsliding, as at Frank, 
Alberta, enormous quantities of new material are made available to 
active weathering. 
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Relation to Running Water. Part of the water from every rain 
flows on the surface, either in thin local sheets or in definite channels 
(p. 73). This water carries debris directly and also promotes in many 
indirect ways the progress of mass-wasting. Washing of weathered 
material from a talus disturbs equilibrium and sets the sliderock in 
motion- When gullies arc cut many of the steep banks slump, and 
creep is promoted in the adjacent mantle. The rugged topography of 
highlands results in large part from the cutting of deep valleys by 
streams (supplemented locally by glacial erosion); and the most active 
mass-wasting, by sliding and creep, takes place on the sides of moun¬ 
tain valleys. 

The relationship is reciprocal, for mass-wasting is a potent auxiliary 
of running water in the work of leveling the lands. Most of the rock 
waste contributed by the continents to the sea floors is delivered ulti¬ 
mately by streams (Chap. 5). However, a large part of this waste is 
brought within reach of streams by creep and other forms of mass- 
wasting (Fig. 29). In highlands, landslides as well as rapid creep 
deliver material directly to large streams and their tributaries, locally 
more rapidly than it can be removed. In lowlands the alluvial banks 
slump into or toward the streams (Fig. 33), and creep operates over 
a wide area even though its rate is slow. In all kinds of topography, 
removal by streams of the creeping mantle as it reaches* the valleys 
prevents clogging of the creep mechanism and keeps the system of 
supply in operation. Thus running water and mass-wasting are closely 
geared in the scheme of erosion. 

Mass-wasting is further explained and illustrated in connection with 
processes discussed in later chapters. 

ErFECTS OF Weathering and Mass-Wasting on Landscapes 

Major Effects. In a journey from the eastern United States to the 
arid Southwest the traveler is impressed with the striking contrasts in 
the landscapes. These differences reflect complex causes, but among 
the most important factors are rate and Tdnd of weathering and proc¬ 
esses of mass-wasting, under the different climatic conditions. The 
abundant vegetation of the Eastern States in itself creates a strong 
contrast with the barrenness of New Mexico and Arizona; but there 
is a more fundamental difference in the actual land forms. In the East 
the hills and slopes are characterized by rounded curves and smoothed 
profiles; in the Southwest the profiles are angular. 
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Disinte^ation as the dominant type of weathering tenda to prodnee 
angularity. Forces that break the rocks take advantage of original 
joints which form square-cornered blocks, and, as these natural units 
loosen and fall, the cliffs from which they are displaced stay rugged and 
steep. Ridges and hills made of flat-lying strata remain flat topped 
and steep sided as they grow smaller through disintegration and reces¬ 
sion of the cliffs. Extensive flat-topped erosion remnants of this kind 
are called meaas; similar features of smaller extent are the buttc& of 
western landscapes (Fig. 35), Wherever the structure of the rocks 
favors development of sharp peaks and jagged ridges, these features 
tend to keep their irregular forms as they waste away. Divides be¬ 
tween adjacent valleys are either flat topped (where strata are hori¬ 
zontal), or sharp and rugged, and valley sides are steep and cojnmonly 
step-like, with a succession of cliffs (Fig. 11). These are some of the 
typical ffirms of the arid and semiarid southwestern United States, 
where there is little decomposition and soils form scantily. 

Vigorous chemical weathering rounds off sharp comers in both large 
and small features of the landscape. Vertical cliffs and angular ridges 
in a humid region are the exception rather than the rule; their presence 
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35. Vitw in Monument Valley^ Utah. Sandstone nearly 400 feet thtekf once 
continuous over the area, has been eroded; remnants form a lar^e mesa (at regbi) 
and isolated buttes. Weak shale beneath the sandstone underlies the gmtier 
slopes at the hast of Mitten Butte (middle background'). Vertical fractures in 
the sandstone outline slender^ chimney-like remnants. 
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Fig. 3(f. Kounded bilhops and smooth slopes characteristic of a region with a moist 
climate. Deep soil mantles most of the surface. The jmall terrace-like features 
in left foreground are paths made by generations of gracing animals. North of 
Luray, Virginia. Note contrast between this landscape atid the one shown in 
Fig. 35, which is cbaracteri.?tk of a semiarid climate. • 


indicates either brief exposure to tlic atmosphere or extremely resistant 
rocks. SJiarp peaks and serrate ridges tend to disappear under tlie 
influence of decomposition. Mantle forms on valley sides, and as it 
accumulates and slowly migrates from higher to lower levels the slopes 
take on smooth curving profiles (Fig. 36). With the formation of soil 
and the spreading of vegetation, decomposition becomes more effective 
and the slopes grow still smoother, because the cover of vegetation pro¬ 
tects the slopes from gullying by running water, and there is built up 
a nearly universal layer of soil even on the steep slopes. On opposite 
sides of a ridge cliffs retreat, grow lower, and disappear, and the top 
of tlie ridge becomes smooth and rounded under a cover of soil. Thus 
divides betw'een adjacent valleys tend to become broad and smooth in 
contrast to the angular divides of arid regions. 
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Farxt&ig Problems. Great quantities of rich soil are lost every year 
through the combined operatione of naass-wasting^ running water, and 
wind. Soil coDscrv^ationists recognise the seriousness of the problem;- 
but they find it much simpler to check the destructive effects of slope 
wash and gullying than to control the large masses of earth usually in¬ 
volved in creep and slumping. 

There is hope that some of the most immediate problems can be at 
least partially solved by combination of direct and indirect methods. 
For examj»le, in seiniarid parts of some western States overgrazing of 
range lands has increased the prevalence and destructiveness of mud¬ 
flows, which not only remove the topsoil fn^m large areas but, after 
mixing this soil with unproductive clay and gravel, bury the rich topsoil 
of lower areas under the infertile mixture, thus ruining all the gi'ound 
affected by the movement. The only effective remedy ia to' restore the 
protective sod, which requires a comprehensive ctmservation program to 
prevent the recurrence of overgrazing. Slumping of farm land adjacent 
to deep gidlies can be checked by measures, now extensively practiced,, 
leading to gradual filling of the old gullies and prevention of further 
gully development. Slumping and active creep in some rich bottom 
lands can be st()pped by i)rotecting adjacent stream banks from erosion 
(Fig. 33). 

Engineering Problems. Knowledge of the principles governing 
mass-wasting is essential in tlic selection of successful sites for large 
buildings, dams, and other engineering works. Durham Castle has 
stood remarkably well, in view of its location (p. 56); numerous struc- 
lures built more recently have collapsed as the result of creep and other 
inovemoiits of the mantle. The St. Francis dam in southern California, 
which failed with appalling loss of life and property (p. 79), had one 
of its abutments in ground subject to sliding—a fart that should have 
been recognized at the time the damsitc was scU'ctcd. 

Some engineering works have to be constructed in spite of difficulties 
from niass-wavsting. When the Culebra Cut of the Panama Canal was 
under construction, the deep artificial excavation caused sliding, slump¬ 
ing, and flowage of the adjacent ground on such a large scale that for 
a time the project appeared to face defeat. It was necessary to take 
out an enormous yardage in excess of the original estimate; and after 
the canal was open for use there was recurrent trouble in the Culebra 
section. Some landslide masses can be stabilized by construction of 
drainage tunnels to rejnovc water, which plays an essential part in the 
movement. In constructing the Grand Coulee dam, on the Columbia 
River, a slide in wet silt was started by excavation and gave consider- 
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able trouble until engineers hit on the ingenious plan of artificially 
freezing the base of the slide and thus stabilizing the ground until they 
could complete the adjacent part of the foundation. 

Private companies and governmental bureaus are put to enormous 
yearly expense in repairing and rebuilding railroads, highways, aque¬ 
ducts, and other communication lines that are injured by landslides and 
similar movements in rugged country. 
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RUNNING WATER 

Geolo(;)ic Importance of Streams 

Stand on the brink of the Grand Canyon of the Colorado {Fig> 11), 
and look down at the winding river a mile below, The rock-wallcd 
canyon is impressively vast, and by contrast the stream at its bottom 
seems puny. Those who first speculated on the history of the canyon 
thought that the Colorado had found this low-level course already pre¬ 
pared for it by a great gash or rift earlier opened by some cataclysm in 
the Earth’s crust. But today we are convinced that the river once 
flowed through a shallow trough at the level of the canyon’s brink. We 
can see that very gi'adually the sediment-laden water has cut down 
through the underlying rocks, sawing ever mtire deeply until in the 
course of time, and with the ai<l of mass-wasting, it has dug a trench 
a mile deep and several miles wide. Looking at the intricate pattern 
of canyons and subcanyons which, arranged like the veins in a leaf, join 
the main valley, most of them entering at grade with the main stream, 
we realize that they were developed not hy ehanee but as members of 
a unified and interrelated system, obeying a common law and having a 
common destiny. And when we 81*0 this same pattern repeated again 
and again in stream systems large and small tbruughout the world, we 
conclude that all streams act according to certain definite laws imposed 
on them by their surroundings. 

Streams return to the sea the water evaporated from it, carried by 
the atmosphere over the lands, and there precipitated as rain and snow. 
Furthermore streams as a group, coupled w'ith the mass-wasting proc¬ 
esses with which they are integrated, constitule the most important 
single agent of erosion on the face of the Earth. Continuously excavat¬ 
ing valleys and ctmtinuously carrying away the excavated rock waste, 
plus the far greater contributions from mass-wasting of the land, 
streams will continue to operate as long as there are lands with rain 
falling upon them. The processes of excavation and washing away, 
although complicated, are based on a series of principles which enable 
us not only to follow intelligently the intricate details of sculpture of 
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tlie land bat even to predict to some extent the way in which the land 
will be carved in the future. 

Streams and Stream Flow 

Precipitation. Probably there is no part of the Earth's surface on 
W'hich rain or snow does not sometimes fall. Even the most arid spots 
in the world's driest regions receive a little rain once every few years. 
Death Valley in southeastern California, one of the driest areas in 
North America, has aboxit 2 inches of rainfall annually. Whereas the 
thickly populated temperate regions such as eastern North America 
and xvestern Euroi>e have 20 to 60 inches of rain (Fig. 17), some parts 
of India receive as much as 500 inches every year. In some places the 
time distribution of rainfall is more significant than its annual amount. 
Thus if total rainfall is concentrated in a few intense storms, it causes 
a series of floods, and the work done by the water in eroding the land is 
far greater than it would bo if the same amount of rain were distributed 
so nearly imiformly throughout the year that floods did not oeciir. 

The variable distribution of precipitation both areally and in time, 
therefore, exerts a strong influence on the sculpture of the land and 
accounts in a large measure for the differences of landscape in various 
parts of the world. 

Runoff. A part of the precipitation that readies the surface of the 
land evaporates and retunis to the atmosphere, a part sinks below the 
surface and becomes subsurface water (Chap 7), and a part flows down 
the slopes of the surface, forming the surface runoff. Much of the 
subsurface water later emerges as ground-wafer runoffs adding greatly 
to the runoff as a whole. 

About one-third of all the precipitation that falls forms runoff di¬ 
rectly or indirectly. At any one place, however, the proportion con¬ 
tributed to runoff depends on several factors such as (1) surface slope, 
(2) permeability of the local rocks, (3) character and amount of vege¬ 
tation, (4) temperature and humidity of the atmosphere, and (5) 
amount and distribution of the precipitation throughout the year. 
Therefore runoff varies greatly from place to ])lacc Some areas of 
sand and very permeable limestones have essentially no surface runoff, 
because all the precipitation sinks below the surface. On the other 
hand, in a country such as the Appalachian region nearly all the whaler 
from rains in the early spring runs off because the ground is already 
saturated with melted snow. 
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Streams. No land area is either perfectly flat or perfeciJy smooth. 
As a result the surface runoff, though it may start as TaiiW€tsh —thm 
sheet of water flowing evenly downslope—^is quickly concentrated by 
converging slopes into the shortest and steepest routes downward* 
Thus, gradu^^lly augmented by ground-vrater runoff in the form of 
seeps and springs, the runoff becomes organized into definite streams, 
which might be defined as water and rook waste streaming toward the 
sea along more or less definite courses. Each stream occupies a valley, 



I'm. 37. SeKiiicut of an idpal valley, rut to aIidw tJuee standard positiona of tlie streank 
«<urface and three cnrreapundiuK positions of fhe stream bed. Natural leveea ore not 
sliown. (Vertical scale greatly exaggerated.) 

excavated or modified by itself, of which it is an integral part. Most 
valleys are floored with rock waste deposited by their streams, and 
UMially these partial fillings are haturated with water, which percolates 
down-valley at rates much slower than the flow of the surface waters 
wliieh they aup|n>rt. 

Wc have said that about oiic-third of the w'urld’s precipitation be¬ 
comes runoff. Much of this water streams seaward from altitudes of 
thousands of feet The ciu‘*gy that results is tremendous; the w'ork it 
lierfuriijs is very great. lift us examine the manner in wliieh this work 
is done. 

Discharge. Every stream occupies a rJiannel, a water-filled groove 
w’liieh in a narrow' valley may include the entire valley floor but wdiich 
ordinarily occupies only a small fraction of the valley floor (Figs, 37, 
42). The flow of water through the channel is expressed as discharge 
(tlie volume that passes through a given cross-section of the channel 
during a unit of time), stated in cubic feet per second. Discharge meas- 
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ures the amount of water fed to the stream from Burface-water and 
ground-water runoff. 

The casual observer is likely to judge the “might” of a stream by its 
width, the only dimension usually visible to him at any one place. He 
is often misled, because some narrow streams, by virtue of steep 
gradients or deep channels, discharge much more water than do some 
wide streams. These differences are controlled by two principal 
factors: (1) velocity of flow, and (2) cross-sectional area of the chan¬ 
nel. Velocity, in turn, depends on (a) gradient (downstream slope, 
usually expressed in feet per mile), (6) volume of water, (c) load of 
rock particles being carried, and (d) shape of the channel This last 
factor is important because friction between water and channel retards 
stream flow. Hence greater velocity is possible (other factors equal) 
in a channel having a semicircular-shaped cross-section than in a broad 
shallow channel with the same cross-sectional area, because the former 
shape offers, in proportion to its area, the smallest possible surface on 
which friction can occur. 

Discharge equals velocity times cross-sectional area. Velocity varies 
approximately as the square root of the gradient. Although velocity 
commonly increases also with increased volume, the relationship can 
not bo expressed as a simple formula. 

Because of the interrelationships mentioned, these various factors 
are adjusted to each other by the stream itself, which alters its channel 
by erosion and dei)osition from place to place. For example, in most 
streams discharge increases from head to mouth, reflecting increments 
from tributaries and from ground-water runoff, wherjeas the gradient 
decreases from head to mouth. The apparent paradox is explained 
chiefly by (1) the variable cross-section of the channel, which increases 
downstream sufficiently to permit greater discharge despite reduced 
velocity of flow, and (2) the shape of the channel, which commonly 
becomes deeper relative to its width as it is followed downstream. 

An unusual example is the Clark Fork of the Columbia River in 
northeastern Washington. At the town of Usk this stream is 2000 feet 
wide and 15 feet deep, with a gradient of less than 1 foot per mile. 
The mean discharge here is about 15,000 cubic feet per second. At 
Z-Caiiyon, 45 miles downstream, the same river is 18 feet wide and 175 
feet deep, with a gradient of 60 feet per mile. The discharge is about 
15,500 cubic feet per second. Although the Clark Fork looks much 
smaller at Z-Canyon than at Usk, actually its discharge is slightly 
greater. More water passes througli Z-Canyon, despite the smaller 
channel capacity there, mainly because the gradient is much steeper. 
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Within a stream channel, velocity of flow is greatest where friction is 
least. Hence velocity is greater along the center than along the sides 
and is greater also near the top than at the bottom of the channel. 

Long Profile. The continuous eur\'e formed by the slope of a stream 
from source to raoutli is its long profile. Although the long profile of a 
newly formed stream is the profile of the land surface itself, the long 
profile of a welUostablishcd normal stream is a cui^^e^ concave up (Fig. 
38), that tends to approach a hyperbola. This results from adjustment 
of each part of the profile to the conditions in the corresponding part of 
the stream. In its upper coumc the stream's discharge is slight, but, 



Fiu. 3S. Tkiiik iirofile of tbe Hiver and itjdi oorit imiatioii througli thr lowor* 

T)?lawarp River t<» the .son, illustrating the general ooncavo-up form of its niirve. liaBcline 
= sealevel. Long dimention, 120 miles. Altitude of stream at top of profile, 820 feet. 
Vertical exaggeration, 132 times. The irregularities in the profile an* caused 1>y unequal 
rcbistam^ of the rocks to erosion and jKissihly by other factors. 


owing to the usually steep initial slope of the land, its gra<linnt is steep. 
It is not fully loaded; hence most of its energy is applied to dowiicut- 
ting. Ill its lower course discharge is iinuh greater; for this reason and 
because its channel is more efficient and its load is finer grained, it can 
move its load on a gentler gradient, and downcutting is at a miniinuin. 
Intermediate conditions obtain at intermediate points; hence the gentle 
slope downstream gradually becomes a steep slope upstream. With the 
passage of time, as tlie stream cuts down toward baselevel (p. 81), the 
long profile becomes gradually less steep throughout its length. 

Floods. Not f)nly does a stream adjust its channel from place to 
place; it also alters its channel from time to time in the same place as 
a result of variable discharge, which usually varies with the seasons. 
Most streams are subject to flood at times of most concentrated rainfall 
nr greatest thawing of winter snow. Floods are measured at selected 
points by gages which record the height to 'which the water rises. The 
approximate cross-sectional area of the channel being known at these 
points, the discharge can be calculated. In this way it has been deter¬ 
mined that in the Mississippi Rh er immediately below the mouth of 
the Ohio, the normal rise of the water surface in spring floods is about 
40 feet, wdiile the corresponding flood discharge is between 10 and 15 
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times the normal low-water discharge. On small streams^ differences 
may be even greater. For instance, during a recent flood the discharge 
of Tiger River near Woodruff, South Carolina, increased from normal 
to 24 times normal within 4 hours. Twenty-four hours later it de¬ 
creased again almost to normal. 

A stream flood is essentially an upward bulge of the stream's surface, 
analogous to the bulges in the surface of the sea caused by the tides 
(p, 224). This is clearly shown by the gages, which rise to their maxima 
one by one as the crest of a bulge passes downstream. Many stream 
channels are capacious enough to carry the discharges of ordinary 
flocKls. When the water rises to the tops of the stream's banks, filling 
the channel completely, the stream is said to be in bank-full stage (Fig. 
37). Further rise causes the flood to overtop the diannel and spread 
out on the adjacent valley floor; it is then said to be in over-banJc stage. 
The spread-out water flows so slowly, owing to the great friction on its 
base, that it often appears ponded; yet the velocity in the submerged 
channel is usually great. 

Stream Erosion and DEeosrrioN 

Hydraulic Action. Hydraulic action, abrasion, solution, and trans¬ 
port togetlier constitute stream erosion, and deposition is elosely related 
to all of them. 

The force inlioreiit in the flow of water is able to lift and move away 
loose material. This is illustrated by the inii)uet of water from a 
garden hose playing u]um loose soil. Tlie soil is churned u]) and washed 
away, leaving tiny gullies excavated by the escaping water, and for the 
entire operation hydraulic action is almost solely responsible. p]very 
rainfall accomplishes tlie same result in plowcil fields and on steep 
slopes, and in all streams Jiydraulie action operates as an important 
factor, although the effects attributable exclusively to it are usually 
masked by the effects of other processes that are going on at the same 
time. 

Hydraulic action is an important factor in quarrying out blocks of 
rock along cracks and planes of weakness. This tyjie of erosion is 
clearly apparent in a stream bed consisting of tliin horizontal layers of 
rock. The force of the flowing water, no doubt aided largely by frost 
wedging, loosens blocks which are then quarried out and carried away 
by the current. In places where this process is dominant, the layers of 
rock are stripped back successively to form flights of broad low steps 
descending downstream. Where the rocks are cut by closely spaced 
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vertical Joints, as is true of ptiany lava flo'ws (p. 372^), a stream may 
quarry out joint blocks unevenly, producing an extraordinarily rough, 
irregular surface. 

Abrasion. Abrasion is the mechanical wear of rock on rock. In 
streams it is caused by friction between rock fragments moving with 
the stream and rock fragments or firm rock in the stream bed, and by 
friction between fragments moving through the stream at different 
rates. Rubbing, knoeking, bumping, scraping, grinding, scouring— 
all these terms arc apjjlicablc to stream abrasion. Tliis process de* 
pends on the presence of rook fragments in the stream, whereas hy¬ 
draulic action can be accomplished by clear water. On the other hand, 
no stream is entirely free from rock fragments, for it acquires them 
through its own hydraulic action, through contributions from tribu¬ 
taries, aurl through slumping of its banks. Both hydraulic action and 
abrasion operate in ail streams and work in close co-operation with each 
other. Not only does abrasion wear down bedrock exposed in the 
stream; it also wears dowm the rock fragments themselves, making them 
smaller and rounding them inure and more (p. 256). 

Abrasion is well illustrated by bowl-shaped or cylindrical potholes, 
ranging from a few inches to many feet in diameter and depth, in the 
ruck bed of a swift stream. Most potholes are excavated by rock frag¬ 
ments swirled aiiout by persistent eddies. Abrasion of the grinding 
tools is sliown by the rounded shapes of tlie pebbles commonly found 
in the jiotholes. The valleys of some small and very steep streams have 
been excavated largely by pothole abrasion. 

Solution. All streams ctmtain substances in solution, acquired in 
])art from subsurface water and in part directly from surface runoff. 
Limestone (calcium carbonate) is very susceptible to the solvent action 
of stream w'ater. But far less soluble rocks are affected. The water 
slowdy decomposes some of the minerals and thereby loosens the con¬ 
stituents of the rock and prepares them for mechanical seizure by the 
current. However, only a small proportion of the matter dissolved in 
stream W’ater was dissolved by the streams themselves. By far the 
greater part of it was dissolved by subsurface water and vras contrib¬ 
uted to the streams later in the ground-w^ater runoff. 

Transport and Deposition. The rock waste carried by a stream and 
the substances dissolved in the w^ater together constitute the stream^s 
load. The load is transported by the hydraulic action inherent in 
stream flow. Flow, however, is not uniform throughout the channel but 
is turbulent, involving many cross currents and eddies, and the turbu¬ 
lence increases rapidly with increasing velocity. Consequently loose 
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rock particles on the bottom are lifted and kept in motion by repeated 
tossing into the body of the stream as they are carried forward. The 
smaller and lighter particles are tossed up easily and frequently and 
so travel steadily downstream. The larger and heavier fragments are 
rolled or pushed along the stream bed, but movement of this kind is 
necessarily much slower and less continuous than that of suspended 
particles. If the x^elocity of the stream decreases slightly, the largest 
and heaviest of the fragments dragged along the bottom are no longer 
moved at all; accordingly they are left behind and accumulate, wdiile 
the smaller particles move on. For this reason nearly all stream de 
posits are sorted according to size and specific gravity (p. 264). Only 



Ku 5. 39. Diagrammatic nross-Heetion of stream ohannal showing its wetted perwieter 
(beaded line) and croMseUional area (shaded). 


rarely is the velocity of a stream cliecked so suddenly that particles of 
markedly different sizes are deposited heterogeneously together; this 
sometimes happens wliere a stream emerges from a mountain district 
on to a flat plain and biiild.s a fan (p. 87). 

Relation of Velocity to Erosion and Transport. Stream velocity 
increases with increasing gradient . It increases also with increasing 
(jischar^e, as during the floods to which most streams are subject. The 
increase can not be stated in exact terms becayse the presence of 
variable factors makes an accurate formula impossible. However, 
empirical formulas, which approximate the relationships, have been 
devised. One of the best known states that V = B iu which 
V = velocity, B = a constant, the value of which varies from stream 
to stream, s = the slope or gradient, and r = the ratio of the cross-sec¬ 
tional area of the channel to the length of the wetted perimeter of the 
channel (Fig. 39). 

An increase in A^elocity increases the ability of a stream to erode its 
bed and transport a load. In theory, under ideal conditions, doubling 
the velocity may (Ij increase abrasive power about 4 times; (2) in¬ 
crease the diameter of the largest piece of rock the stream can push 
along its bed by 8iS much as 4 times; and (3) greatly increase the capac¬ 
ity to transport rock fragments of a given size. 

These powers result from doubling the velocity, through increase 
either of gradient or of discharge. If the gradient is increased 4 times, 
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velocity is about doubled. But greater-than-fourfold gradient iucr^^aia 
is common between the broad t‘Oi>s of many hitle and their steep sid^. 
When hills of this kind are washed by the immediate rmioff from rainSt 
serious soil erofeion is likely to occur if the slopes are bare and unpro¬ 
tected (Fig, 49). Again, the increased discharge of a stream in flood 
often much more than doubles its velocity. During normal seasonal 
floods, the velocity of the Mississippi at points along its lower course 
increases 2 to 4 times. Increases of velocity equal to 10 to 20 times 
the mean velocity arc not uncommon under flood conditions. For 
example, at Montague, Massachusetts, the velocity of the Connecticut 
River, a major stream, was increased by 21 times in a single flood. Such 
huge increases of velocity, resulting from increases of discharge alone, 
make it clear why most streams perform the great bulk of their eroding] 
and transporting w’ork during flood stages, and most of their depositiom 
of rock waste as the floods subside. 

The effect of increased discharge upon volume of load is illustrated 
by the San Gabriel River at Azusa, California. During a flood in 1920 
the discharge of this stream increased 20 times, while its silt load shot 
up from httle more than zero to 55 per cent (by weight) of the water. 
The effect of increased velocity on the ability of a stream to move large 
pieces of rock is shown by the case of the Rt. Francis dam near Lob 
4ngeles. In March, 1928, this dam gave way and sent a sudden &oad 
rushing down the valley below. This flood moved blocks of concrete 
weighing 10,000 tons each. 

In India, during the Gohna flood of 1895, which lasted just 4 hours^ 
the water i)icked up and transported such quantities of gravel that 
through the first 13 miles of its course the subsiding stream made a con¬ 
tinuous gravel deposit 50 to 234 feet thick. In each of the instances 
cited, such work was impossible under low-water conditions. 

Adjustment of Channel and Load to Discharge. It has been stated 
that gradient, and size and shape of the channel, are continuously 
adjusted to fluctuations in discharge. The adjustments are made by 
means of erosion and deposition and are therefore reflected by changes 
in the load. Increasing discharge increases the velocity, and hence 
the abrasive power of a stream, as w^ell as the diameters and total 
volume of the rock fragments it can transport. As a result, the 
channel is scoured out, particularly near its center line where velocity 
is greatest, and is thereby deepened relative to its width and thus made 
more efficient. The rise of water recorded on the flood gage therefore 
records only a part of the increased cross-sectional area of the channel. 
The rest of the increase is expressed by the corresponding deepening 
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of the channel, which takes place at the same time, and which may 
amount to two or three times the rise. The material excavated is trans¬ 
ported downstream as part of the load, and, as the flood subsides, this 
is dropped on the bottom in the order of size and weight, the finer and 
lighter fragments settling last. 

Thus a stream in flood scours out (degrades) its channel and partly 
refills (aggrades) it with rock waste as the flood subsides. In some 
large streams, scour and fill remove and then replace sediment to a 
thickness of 100 feet or more with each flood (Fig. 37). 

At any stage, rock fragments are continually being picked up by the 
turbulent stream and others are dropping out. In a given stream the 
number and the sizes of the fragments in motion at any moment are 
limited by the stream's energy. As discharge increases, velocity and 
energy increase, more and larger pieces are picked up, and fewer are 
dropped out. This causes erosion of the channel floor, which is thereby- 
lowered. But the channel-floor is not lowered at its mouth, because the 
gradient at that place is zero. Hence lowering of the channel at any 
point above the stream's mouth must reduce the gradient between that 
point and the mouth. This reduction of giadient tends to reduce the 
velocity and to limit the increase in velocity brought about by the 
increased discharge. 

When this limit is reached no more erosion occurs, and the cquilih- 
riura between the pieces picked up and those dropped out is maintained 
until the discharge begins to diminish, at which time excess of deposition 
over erosion aggrades the channel floor. This increases the average 
gradient to a degree sufficient to enable the stream to transport its re¬ 
maining load without further upbuilding. 

Thus by erosion or deposition, the stream continually adjusts its 
gradient so that it can just transport the load to be carried. Such ad¬ 
justments occur with every flood, but they occur also with major 
changes in the condition of the stream. For example, the Colorado 
River carries a bulky silt load, for the transportation of which a steep 
gradient is necessary. The completion of Hoover Dam in 1935 caused 
deposition of this load in the lake above the dam; the river below the 
dam, robbed of its load, required a gentler gradient than before", and 
accordingly it reduced its gradient there by conspicuous erosion. 

The system of flood- and low-water stages of a stream—^fluctuations 
(usually seasonal) through a notm—^with the delicate channel adjust¬ 
ments that accompany ibese sjrtili^atic changes, is the stream's regi¬ 
men. In j^neral terms tlie rq^tnen of a stream is its behavior or habit 
tbroughidut the year. Ordii^ily a regimen is overthrown, and a new 
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(me.su;bBtitirted loi it, only by xuajor external faetcara anch aa mnvemeaait 
of the Earth’a cruat beneath the atream (p. 955), a volcanic emptioa 
(p. 304), or glaciation of the stream’s valley (p. 188). . 

BaseleveL A stream can eontimie to erode its bf^ until it reach^ 
the sea. Here its current is cheeked, preventing further downcutting* 
The scalevel, therefore, is a level below w^hieh, in general, streams can 
not cut (although some powerful streams like the Mississippi are able 
to keep parts of tlieir channels scoured out to somewhat greater depths). 
The level of the sea, projected inland as an imaginary plane below the 
surface of the land, is termed baselevelj because it is the base that limits 
downward erosion by streams. 

If a stream empties into a lake, its downcutting is limited by the level 
of the lake for as long a time as the lake exists. The lake therefore 
acts as a local baselevel for the sti’eani, but because every lake alxive 
scalevel must be drained ultimately, the baselevel that it represents 
is temporary as well as local. For these reasons the level of the lake, 
projected inland, may be regarded as a local and temporary baselevel ^ 
controlling the region upstream from it. Similarly the floors of lake¬ 
less basins in arid regions (p. 115) art as local and temporary baselevels 
for the streams tributary to them. Barriers of resistant rock across the 
path of a stream limit in the same way the extent of downcutting ui> 
stream from them, All local and temi^orary basclevds, however, dis¬ 
appear eventually, and the areas they fonnerly affected pass- into the 
control of the uUimate baselevel. 

Profile of Equilibrium; The Graded Stream. We have aeen that 
there is a mutual adjustment between erosion and deposition, and the 
load in transport. In the early stages of valley excavation and along 
the upper courses of most streams, downcutting is tlie dominant process. 
As downcutting reduces the gradient and the products of downcutting 
are added to the load, a time comes when the increasing binden of 
transporting the load requires energy that was formerly applied to 
downcutting. Downciitting is retarded just to the extent necessary to 
enable the stream to transport its load. Thus the stream adjusts its 
gradient to its load and tends to approach a condition of balance be¬ 
tween the available energy and the work done in transporting the load. 
In other words the long profile approaches a profile of equUihrium.. 
However, frequent variations in discharge and other factors prevent 
the profile of equilibrium from ever being actually attained. Yet, be¬ 
cause the tendency tow'ard its attainment is ever present, the stream 
is able gradually to eliminate falls, rapids, and other irregularities and 
thereby to make its long profile smooth. When a near-eqtriUbrium 
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profile of this kind has been evolved, the stream is said to be graded. 
Because near-equilibrium conditions of energy and load may be at- 
fastined in some parts of a long profile sooner than in other parts, the 
graded condition is reached sooner in some places than in others. 

Nearly all graded streams have beds consisting of loose sediment. 
Streams that flow on bedrock are rarely graded because their loads are 
small and much of their energy can be devoted to erosion of the bed¬ 
rock. Unless a change in the regimen occurs, a stream maintains its 
graded condition indefinitely, while very slowly reducing its gradient. 

As a rule a tributary enters its main stream at the level of the main, 
in spite of the gieater downcutting ability of the main caused by its 
greater discharge. Most tributaries are able to maintain this accordant 
relationship because every foot of downcutting by a main Btrca;m in¬ 
creases the gradients of its tributaries and permits tlie tributaries to 
“keep pace’' in spite of their smaller discharges. 

The increased gradients of the tributaries augment downoutting at 
the expense of lateral cutting, and this may result in very deep narrow 
tributary valleys. In their effort to maintain accordant relations with 
the rapidly downcutting Colorado River, some of its tributaries have 
cut slot-like canyons with vertical sidewalls. 

When a part of a main stream readies grade, the local tributaries 
soon become graded with respect to it. 

Any long-term change in gradient, discharge, or luad (exclusive of 
seasonal changes within the regimen) upsets the graded condition by 
altering the rate of erosion. Graded streams have been converted into 
actively aggiading streams through great incrcawis in load caused by 
overcultivalion of fann land, overgrazing, or deforestation, or when 
glaciers, appearing in their headwater regions, poured great additional 
quantities of rock waste into them. 

Slower changes of longer duration occur whim a iiiovemciil of the 
Earth’s crust warps a land area drained by streams and so alters their 
profiles (p. 485), The streams begin at once to adjust themselves to 
the new profiles and sooner or later again reach a graded condition that 
is also adjusted to the altered position of the land. All streams there¬ 
fore work toward the near-equilibrium implied by the graded condition; 
if thrown out of it, they slowly but surely return to it; and, if left un¬ 
molested by interruptions, they would maintain it as long as they con¬ 
tinued to flow. 

Falls and Rapids. Falls and rapids occur at points where gradients 
are abruptly steepened. There is no sharp distinction between a rapid 
and a falls; both commonly occur where streams encounter previously 
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e^dsting cliffs dr pass froda resi^dit roc^ to Weii& roc^ ‘N irtffli’ B. 
Falls, for examptdi was forjped by a river that fell over a ifeady-iti^e 
cliff (p. 194). The Niagara River, origiBating as the outlet of Lake 
Erie at Buffalo, flows over a plateau that ends neariLake Ontario in an 
escarpment (Fig. 40). At the surface of the plateau are layers of 
resistant dolomite, and underneath are weak, easily eroded shales (Kg. 



Fio. 40. Bird’j5-eye view of Niagara River and Falls, looking south. Greatest length 
of block, 35 iniliM. (V'ertical exaggeration, 2 times.) 

41). Wlien the river came into existence by the overflow of Lake Erie, 
it flowed across the plateau and tumbled over tlie escarpment at Lewis¬ 
ton, forming a falls. As the falling water gradually undermined the 
weak shale, the resistant dolomite above was left pi^ojecting as a lip, 
which, penetrated by cracks and fissures and left unsupported, fell 
away block by block. Through long continuation of this process the 
falls perpetuates itself and gradually retreats upstream, leaving a great 
gorge downstream to mark its path. It has now moved 7 miles back 
from its original position ai^ is still visibly retreating. On Januaiy 
17, 1931, a large mass of rock at the lip of the American Was 
undermined and fell, leaving the lip greatly altered;. Similar maBS^ 
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weighing thousands of tons fell from Horseshoe Falls on August 13 
and December 5^ 1934, and in September, 1938. During the 85-year 
period 1842-1927 Horseshoe Falls retreated at an average rate of 3.4 
feet per year. 

Not all falls, however^ were formed by ready-made escarpments. 
More rapid erosion in Weak rock than in resistant rock lying immedi- 



Fig. 41. Rclatiou of Niagara Rnw to bedi'ook at the Falls. Section ahown is on the 
ncKrtheast edge of the American Falls. Goat Island in middle distance; Horseshoe Falls 
in background. Conditions below surface of Niagara River are partly inferred; probably 
the gorge was excavated chiefly by the Horseshoe Falls rather than by the smaller Ameri¬ 
can Falls. The overdeepened part of the valley is a jfLunge basin, excavated not by the 
comparatively weak American Falls but by the more iiowerful Horseslioo Falls before it 
had recoded to its present position. 

ately upstream will result, at the contact, in a steepening of the gradient 
that may become a falls. 

All falls are temporary. They are eventually eliminated by stream 
erosion as stream profiles are reduced to the graded condition. 

It is worth repeating that falls and rapids occur only where streams 
are not graded. When a stream becomes graded, sharp irregularities 
in its long profile, such as falls and rapids, arc necessarily smoothed 
out and destroyed. 
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StmM Dsapostts 

Tms OF DEPOSITS 

Stream deposits (or, as they are often called, alluvial deposits dt 
alluvium) take many different forms, even in a single valley, and con¬ 
stitute in themselves an extensive subject of study pursued by engineers 
and geolo^sts concerned vdUi river navigation, flood control, and dams 
for making electric power. Without going into details, we can only 



Ktq. 42. Valley floor with natural levees borderod by swamps. The vertieAl scale is 
exasperated, and the siroam and levees are shown larger in proportion to the width of the 
valley than they wfiuld normally be. Dashed lino shows position of water surf are in tiiike 
of highest overbank floods. 

indicate the common types of stream deposits and the general manner 
in which each is made. 

Channel Deposits* When a stream meanders (p. 102), the current is 
deflected against first one bank and then the utlier. Deflection of the 
cun ent to the outer and downstream sides of the channel creates slack 
water at the inner and ujistreara sides and causes deposition there 
which builds those sides out, tending to narrow the channel and causing 
the current to cut the opposing sides away (Figs. 56-58). This results 
in migration of the meander and in the spreading of a veneer of de¬ 
posits, which in time covers the entire valley floor. Although they may 
be very extensive, such deposits ordinarily are no thicker tlian the 
stream is deep. They are made strictly within the channel. 

Flood Deposits. A stream whose floods reach the overbank stage 
rises and inundates the adjacent valley floor. When the overflow is 
forced out on to the flat, its velocity is quickly and effectively checked, 
causing concentrated deposition of fine-grained Tock waste ahmg the 
immediate borders of the flooded channel, gradually growing less in an 
outward direction away from the channel, Tlie deposits therefore take 
the form of low but distinirt ridges {natural levees, Figs. 42, 43) that 
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border the channel and remain after the flood hag subsided. The ridges 
have heights from 4 feet up to 15 feet or more; and, altliougli they arc 
the most pronounced visible features of some valley floors, their heights 
are small compared with the depths of the channels. In the course of 
such flood deposition the valley floor is capped by a thin mantle of fine 
sediment deposited quickly in somewhat lake-like shallow flood water. 

The part of a valley floor that is subject to overbank floods is termed 
a floodplain. The Mississippi River has a floodplain which, including 
the natural levees and the low swampy lands beyond their outer slopes, 
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Fio. 43. Valley of the Kootenay Ktvor, Britieh Columbia, duniiK a great flood. The 
valley floor is entirely under water extsept for the trees growing on natural levEKis along the 
main channel. 

formerly covered an area of 35,000 square miles, but has been reduced 
by artificial means to about 25,000 square miles. 

Many stream valleys, such as the lower reaches of the Connecticut 
River valley in Massachusetts and nortlicrii Connecticut, have both 
meander deposits and floodplain deposits. 

Short Cuts; Sloughs. Where natural levees are inconspicuous or 
absent, flood water overflowing a meandering channel follows some old 
abandoned channel or excavates a new channel across the tongue of 
land formed by the meander. Some of these short cuts become en¬ 
larged, permanently cutting off the meanders they span. Most, how¬ 
ever, are abamloned as the flood subsides and are left as sloughs, which 
are slowly undercut as the meander shifts downstream. 

Deposits of Braiding Streams. During the low-water stage, many 
streams heavily loaded wdth fine sediment, or losing volume by evapora¬ 
tion or by percolation into their beds, choke up their channels with de¬ 
posits; they then overflow and cut new channels, which in turn become 
rapidly choked. This process, termed braiding, develops an intricate 
network of shallow channels forming a complex pattern on the valley 
floor. Many streams in arid and semiarid regions (for example, the 
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Fi^. 44. Fans ieing bntlt tut into Death ValUyy Califtma, from Black Mauth 
tains (left). Vieui south from Furnace Creek Ranch (riffit foreffoun^, showing 
Death Valley, a closed basin ei/ith a white salt-inctusted flaya, and the Fanament 
Range inclosing the hastn on the west (rtgbt). The relations shown here are 
essentially these portrayed in Fit. 75. 


South Platte River in western Nebraska) and streams of glacial melt¬ 
water heavily loaded with sediment are intricately braided (Fig. 124) 
The fact that a stream fills its channel with deposits at low water does 
not imply that the valley floor as a whole is being built up, hecaust 
during flood stages the stream may remove more rock waste than il 
deposits during low water. 

Bars. Bars of sand and gravel arc built in the channels of man} 
streams in which the load is not great enough to cause braiding. Ir 
some streams, bars form during low water and are swept away by tin 
next flood. In others they are continuously present, shifting their fonr 
and position from season to season. 

Fans. When a swift tributary stream flows down from high law 
on to a wide and nearly level valley floor, the abrupt chaise in it! 
gradient may cause it to d^sit immediately the greater part of it! 
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load- Im this way a jan is built up, radiating outward from the point 
at which the tributar>^ emerges (Kg, 44). 

The fan acquires its shape because of the nearly uniform distribution 
of rock waste over its surface by the stream that builds it. The stream 
repeatedly chokes up its channel, overflows, and forms new distribu¬ 
taries, just as in the braiding process. When one sector of the fan has 
been built up, the stream shifts to another and lower sector and builds 
that up. In this way the entire surface becomes covered by deposits 

laid down by the stream, and the 
fan as a W'hole is remarkably sym¬ 
metrical. 

Upbuilding of the fan steepens 
the gradient of the tributary stream 
at the fan itself, while, npstream 
from the fan, erosion is in progress, 
reducing the gradient there. This 
dual action continues until the 
gradient has become just steep 
enough to enable the stream to 
transport its load down the fan. 
The radiating profiles of the fan 
thus become graded profiles (Fig. 
45). 

Fans are larger and more com¬ 
mon in regions of high relief, at points where streams emerge from 
veiy steep slopes on to plains, than in regions of low relief and gentle 
slopes. In the mountainous parts of western Nortii America some of 
the fans are several miles in radius and hundreds of feet in thickness. 
East of the Rocky Mountains, fans are less conspicuous and are con¬ 
fined chiefly to the bases of such steep slopes as valley sides laterally 
cut by streams. 

Deltas, As the current at the mouth of a stream is checked by the 
standing water of the sea or a lake, the load drops to the bottom, 
gradually building an embankment that grows outward like a railroad 
or highway fill made by dumping. As the fill is built up close to the 
water surface, deposits usually encroach upon it from upstream, are 
distributed outward, and gradually cover it, making a crudely triangu¬ 
lar area of new land with one apex pointing upstream. From this shape 
resembling the Greek letter A, the deposit derives its name of delta 
(Fig. 46). The term is used whether the embankment is converted into 
land or not. 



Fia. 45* Vertioal Bccti-on showing 
growUi of a fan. Bedrock is idiadcd;' 
stream depOMitH are stippled. 

AOX ■■ profile of surface liefore fan 
deposUion. 

BB*X « long profile of stream at an 
oarb^ stage of fan building. 

» long profile at a later stage, 
after the etreain liafe 1)eeonie graded. In 
the grading process, the slreain has cut 
away the original upper part of the fan, 
in addition to cutting away much bed* 
rock iipstn'am from the fan. 
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The ItratificatiiA of a delta is shown best in small deltas built is 
relatively deep watea*. Here deposition is most rapid on tiie outer 
slope, forming thick foreset beds sloping outward (Fig, 461. Fine sedi'* 
ment is carried farther out and forms thin bottotmet beds. Along the 
top, where erosion and deposition alternate as the stream cuirent fluc¬ 
tuates, thin topset beds are laid down. Some deltas are very thick; tliat 
of the Biver Po is at least 500 feet thick beneath the site dl Venice. 



Fit, 4(i Ideal small delta lu throe-diniBimu>na1 view On the surface appcdtr *‘della 
fliLgers” furmed b> deposition from distributary stica is. The block has been cut in two 
and the pieces pulled apart to reveal a vertical aention d the delta. Thick, iiicline^ foreset 
bells arc underlain by bottomsets and overlain by tepsots The topseis are represented 
only by the thickness of a single line, because they ere commonly very thin. The edope 
made by the upporniOBt foreset bed is shown in pliant m view, through the water. (Verti¬ 
cal scale greatly exaggerated.) 


In the Mississippi delta and other similar deposits built by large 
streams into shallow water, the current is so strong and the water so 
shallow that this ideal arrangement of beds is not realized, and the 
stratiheatiun of the delta resembles the stratification of the alluvial 
deposits farther upstream. 

A stream that rises in flood and overtops the natural levees in Its 
downstream course breaches the levees at weak points, flows down their 
outer slopes (which are much steeper than the gradient of the channel), 
and continues onward through new channels, leaving the old channel 
with diminished discharge. New channels repeatedly formed make a 
branching system of distributaries that gives the delta its character¬ 
istic shape. Between the distributaries lie shallow basins which fill 
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witti fine sediment during floods and arc thus converted into low land. 
The surface of the delta of a'large stream so closely resembles the 
floodplain farther up the valley that the delta has to be delimited by 
an arbitrary boundary, usually the courses of the two distributaries 
farthest uf)stroam. 

Tlie shifting of the mam channel tlirough the development of new 
distributaries is strikingly illustrated by the ITwang Ho (Fig. 47), 



I'la. 47. Skotch map ahowjtig three distributary routes taken by the lower Hwang Ho 

111 eastern Cliina 
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which for appruximafely 700 years prior to 1852 had discharged east¬ 
ward into the Yellow Sea In an overbank stage in 1852 it *?pilled nvei 
at a point more tlian 300 miles above its mouth, formed a new cliannel 
northeastward down the floodplain, and finally emptied into the Gulf 
of Chihli, almost 300 miles north of its old mouth. The Hw'ang Ho 
occupied this new course, with minor distributaries, until 1938, when it 
again changed, this time through human agency. In that year Japanese 
forces at Kai Feng (Fig. 47) w^re moving on Ch’eng Hsien. The de¬ 
fending Chinese artificially breached the south levee of the Hwang Ho, 
diverting the river southcastwrard into an old distributary ehannel long 
abandoned and thus putting the stream between themselves and the 
Japanese, The invaders, their transport bogged dowm in the muddy 
flood, failed to reach Ch*cng Hsiem* 

1 It was reported that late in 1947, through a great engineering pffortj the river 
was oncp more diverted into its pre*19d8 course 
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The made a similar i^ciugh temporary change in April, 

1890, breaking its banks more than 1(X) miles upstream from its mouth, 
at a weak point caused by an irrigation ditch. From here the teinim- 
rary distributary flowed east, entering the Gulf of Mexico 80 miles 
nortli of the main mouths, hicidontally flooding a wide area, causing 
great damage, and halting rmlroad traffic for two months. As the flood 
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I'tG. 4^. The Mistiisisippi delta and itn .surrouiidiiiKK, in Lonibiaim and MiHrsiHsipin. 
White area rcpreHciiiM delta and floodplaLu. Hoav.v-Hti[»i>ler] area» are hl^he^ lande. The 
iiuinbers refer to Bueeessive diid^ributary routitB used by the MissiHaippi River during the 
last »nvcral thousand years, im interpreted by K. J. Uuat$ell. 

subsided the river resumed its old course, after having taught local 
engineers that in the vicinity of the break-through the surface of the 
stream when normally bank-full is about 15 feet higher than the flats 
beyond tlie natural levees. Even under normal conditions the Missis¬ 
sippi discharges a part of its water through the Atchafalaya River, a 
large distributary more than 150 miles in length. 

The Miesuffippi delta, one of the greatest in the world, with 12,000 
square miles of land area, is in reality a complex of several coalescing 
deltas that have been built successively and continuously during the 
last several tliousand years (Fig. 48)* The building of each individual 
unit was begun at the time of some break-tlirough and divc^ion that 
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became permanent. Figure 48 shows the sequence of main distribu¬ 
taries inferred mostly from abandoned systems of natural levees. 

CHARACTE)B OF STBEIAM DEPOSITS 

Whatever their original shapes, stones and smaller particles trans¬ 
ported by streams become rounded (Fig. 142, c, p. 206) through the 
abrasion they undergo as they are rolled and tumbled by the shifting 
currents. Furthermore, because of the delicate adjustment of trans¬ 
porting power to the sizes and weights of the rock fragments forming 
the load, stream deposits exhibit sorting according to size and weight 
(and therefore composition) of the rock fragments (p, 264). Layers of 
petibles of various sizes are usually separated from layers of sand, and 
these in turn are sorted out from layers of silt and clay. No one layer 
extends far, how^ever, because the variability of stream currents, re¬ 
peatedly changing the conditions of deposition, results in thickening 
and thinning of the layers, and causes them to lie at angles inclined to 
each other (Fig. 121). The nearest approach to uniformity and paral¬ 
lelism of,stratification is found in floodplain deposits and in the foreset 
and bottomset beds of deltas, all of which are deposited under condi¬ 
tions of mininiuin turbulence. 

Soil Erosion and Floods as Economic Problems 

Soil Erosion, Of the agricultural land in the United States, nearly 
one-third has lost much of its topsoil, an additional third has lost all its 
topsoil, and one-eighth has been destroyed by erosion." These are stag¬ 
gering figures, not only because of their size, but because they refer to 
the nation’s basic natural resource—^the soil. After two decades to two 
centuries of cultivation (depending on the location) man has destroyed 
much of what had been built up by natural processes through thousands 
of years. The big rivers had always carried sediment to the sea, but 
at a rate that was balanced by the slow creation of soil by weathering. 

Then came the pioneer. He—and his successors—cut down forests, 
drained swamps, plowed the sod. The rain battered the ground unim¬ 
peded by the protecting leaves of trees and ran down bare slopes no 
longer checked by grass. The whole complex process of moving the 
rainfall to the sea was speeded up and made disastrously rapid, as in¬ 
creased velocity increased the capacity of the running water (Fig. 491, 

But the damage does not end on the hillslopes. The great quantity 
of sediment washed into the streams buries agricultural bottomlands, 



KmNiNG wAim n 

silts up reservoirs, destroys fish life, and pollutes water supplies; Msd 
the too>rapid dischwge of runoff, no longer adequat^y delayed by peav 
eolation through the ground, heightens floods on the lug rivers to dis' 
astrous figures. 

Soil erosion can be checked, and the normal regimen that existed 
before the damage began can be restored, by widespread adoption «f 
consenmtion measiwes, among which are the following: 
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Fill. 49 Id thiH fipld near Bethany, Missouri, rorii was plnutec] in rows that ran dowA- 
sliipe iii^tnad of along the (contour. After a heavy rain gullir^s developed, 4 to 5 inches 
deep, througl] whirh the field as a whole lost an average of 2 iiinhes of topsoil. Such dam* 
age ran prevented by proper xriothod? uf cultivation. 


1, Retirement of marginal lands whirh should never have been de¬ 
forested or plowed and which must be returned t-n their former condition 
without delay. 

2. Sfjil-protection measures, aimed at «1 owning dowm the flow of water 
on slopes. These include 

(a) Terracing the slopes. 

ib) Plow'ing and cultivating ^‘row crops” such as corn and cotton 
only along the contour. 

(c) Planting strips of thick-growing crops (hay or grain) alternately 
with row' crops along the contour, and staggering the seeding dates so 
that the entire slope is never bare. 

(d) Rotation of thick-grpwing crops with row crops so as to permit 
small gullies to heal. 




U. B. WBATIIEA BUREAU. 

F#|. 50. Dymmithi an arfificial Imt on the flooded Mtssissipft Riper IS mtles 
below Nw Orleans, Louisiana, in order to j^ive an additional outlet to the river 
to reduce the heij^ht of a 20-foot flood. River is shown at right; the road and- 
lowland on the left were immediately inundated. 


3. Curative iiicaBures, sucli as the healing of gullies by planting 
fpiirk-growing vines and the building of eheck dams, and the jirnper 
draining of roads on slopes. 

Destructive Floods. Prior to the settlement of North America, the 
regimen of the Miseissip})! and othtT large rivers ineluded annual floods 
which were usually overbank, inundating broad areas beyond the im¬ 
mediate stream channels. Early in the eighteenth century atlempts 
were made to confine the flooded Mississippi to its channel in order to 
protect new settlements and to reclaim for agricultural purposes the 
fertile floodplain. These attempts took the form of artificial levees 
(Fig. 501 which were built on the tops of the natural levees. If a given 
discharge is confined to a narrowed channel and thus prevented from 
normal flood-time spreading, the cross-section of the cliannel must be 
increased. Wo have seen that much of this added depth is attained 
locally by increased erosion of the bed, but part of it is attained by 
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rise of the WAter surfacse. Hence, whenever a taew levee is put in, those 
already m existence must be raised. The first levee, built at New 
Orleans, was 4 feet high. Today the avera^ height is 18 feet In 
1902 there were 1800 miles of these levees along the Mississippi; in 
1927 there were more than 1800. The river at flood ^ta^ is gradually 
rising higher above the adjacent basins, so that when breaks occur they 
are correspondingly more destructive- Witness the disastrous flood of 
1927 in which the swollen river broke through the levees in 225 places 
and inundated 18,000 square miles of inhabited laud. 

Through more than 100 years each big flood on the Mississippi has 
been more disastrous than the last It seems probable that this is 
largely the result of deforestation, artificial drainage, and improper 
agricultural practices throughout the huge region from the Appa¬ 
lachians to the Rockies that contributes water to tlic Mississippi. 
Even if such evils were not enormously harmful in tliemselvos, the pro¬ 
tection of the lower Mississippi basin would be sufficient reason for 
curbing them. Levees can not be built to withstand floods of ever- 
increasing magnitude, hut probably they arc capable of confining tUc’ 
normal floods which we could expect once again if drastic and far- 
reaching conservation measures were applied to the tributary region. 
In the meantime the extensive flood-control plan now under way rec¬ 
ognizes the need of additional means of combating flocxls, among which 
are the building of dams on tributary streams, and the establishment 
of permanent overflow' channels along old delta distributaries, to act as 
safety valves for regulating the lieight of flood stages. 
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SCULPTURE OF THE LAND BY STREAMS 
AND MASS-WASTING 

Relation ol Streams to Mass-Wasting. Having vlen'etl the proc¬ 
esses by which streams work, we may now examine the way in which 
streams sculptuie a land area. At the outset we must realise that 
whereas streams are responsible for cutting and deepening their valleys, 
and for transporting the waste from the land as thougli they w'ere vast 
systems of converging conduits, yet the shaping of the greater part of 
the land surface—including most of the side slopes of the valleys them¬ 
selves—is the work not of streams 
but of mass-wasting (Fig. 51). To 
be sure, the cutting of valleys pro¬ 
vides differences of height that per¬ 
mit gravity to operate on the 
mantle, and so mass-wasting is 
limited by the streams and is 
graded with resi)ect to the stream 
profiles. But the slopes themselves 
are wasled by broad sheet-like 
movement of the mantle w'hich, 
after working down to the base of 
a slope, is fed into the nearest stream. At the stream edge, tlie sheet- 
like movement is abruptly converted into linear movement ns the 
streams sluice away the rock waste toward the sea or into inland 
basins. 

ScuLPTUBE m Moist Regions 

DEVELOPMENT OF STBEAM VALLEYS 

Birth of Valleys; Consequent Streams. Some streams follow de¬ 
pressions made for them by other processes, but the majority occupy 
valleys that they tlieinselves have excavated. Stream valleys begin 
their existence on new land surfaces just emerged from beneatl) lakes 
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Flu. 51, Begmont of an ideal volley^ 
The narrow vertical rut sliowe the volunia 
of roclc directly excavated by Uir etream. 
The much greater remainder of the total 
excavation was atT^iiiplished by iniiBiie' 
wasting. 




srubakbr aerial burveyi. 

Pil. 52. Consequmt jystm 0 /pdlus growing headward up a gentle slope underlain 
by silt. Horse Heaven Hills, north of Pendleton, Oregon. View from the air. 


or the sea, or underlain by deposits recently made by glaciers, streams, 
volcanoes, and the wind. On new surfaces of all these kinds the first 
rains wash away loose particles and carry them down the nearest slopes 
in broad sheets and rills. Joining at the bases of converging slopes, 
two or more rills combine, and the increased velocity resulting from 
increased discharge causes increased erosion in more than direct pro- 
prirtion. With increasing erosion, the rills become larger (and of course 
few’er), and the larger they become, the more water they ca^r^^ Each 
rill first excavates a gully (Fig. 52). Erosion at its head, accelerated 
because the gradient is steepened there, causes the gully to lengthen 
headward, and the runoff washing down its sides widens it. At the 
same time the rill flowing through the gully deepens it. Thus under- 




going ^ontinui^ e&lgrgeman^ strean^ that follow 

ujpoa’') t|Ee fro-existing sk^ of the ]a»id io^fhh desd^twnJ ar^ 

said to be cmitequjevl streautog. 

Intermittent and PereniiMl Streams. At a very early stage tb^ 
valley ia likely to cany water only dimng and after miziis, so that its 
stream is intermittent. As erosion deepiens ttoe valley, however, mo^ 
and more of the rainfall tliat enters the ground directly has opportunity 
to emerge again along the valley sides and to contribute ground-water 
runoff long after the rains have ceased. Eventually the vallisy is ew 
cavated to tl»E^ depth at which all openings in the rocks are permanently 
filled with water. From this time on, 
water seeps steadily and uninterrupt¬ 
edly into the valley, forming a peren¬ 
nial atream. 

Trihutaries. Many of the tributaries 
of a consequent stream system arc 
formed simultaneously with the main 
stream, by runoff down the existing 
slopes. Additional tributaries begin by 
flowing down slight irregularities in the 
sides of the main valley, cutting gullies 
whose heads grow upslope away from it 
(Fig, 53). Once begun in this way, the 
tributary gullies are extended headward at the same general angle to 
the main, because the growth of each is guided by adjacent tributaries 
developing jnder the same control. The pattern made by the wdiole 
branching system resembles the trunk and branches of a tree, 

Divides. As a stream system continues to grow headward up the 
slope of tht land, its headwaters approach those of another stream 
system draining in the opposite direction. The line separating the two 
watersheds is a divide; it is gradually lowered as the watersheds arc 
reduced by erosion. At the same time it is shifted laterally, because 
no two stream systems perform equal Erosion and the Resulting greater 
rate of erosion on one slope shifts the divide slowly against the weaker 
system. The shift becomes increasingly slow, partly because gradients 
normally decrease as streams continue io erode the land, and partly be¬ 
cause the rates of erosion on the two drainage areas gradually approach 
equality. 

In both stream systems each tributjiry ha^ a rate' of erosion that 
differs from that of each immediate n^j^bor. Therel^Te the intervene 
ing divide is shifted unequally along various parts of^lts course^ and so 


Fio. 53. Ideal main volley with 
eloping tddeB, eliowing Tvhy tribu* 
tariee grow lieadward from it oi 
aouto auglw. <>0 Eilo{>ie of l&nd 
surface; ofi « valley idde; 

PC resultant course of runoff. 



Fig. U. Land mass in mly-matm staff of the fluvial cycle. Note the httncatt 
maxy of valleys and the Ziff(ag pattern of some of the divides. Foso Creek dtstrtct, 
Kem Countv. California. 


it gi’adually aseuines an irregularly zigzag pattern (Fig. 54). Where 
two opposed valleys head directly against each other, a sag develops in 
the divide. 

Stages in the Evolution of a Valley. A valley once fomied in a land 
area standing moderately above baselevel goes through a fairly definite 
series of changes, each of which merges with the next, to form an un¬ 
broken chain. In crude analogy with living organisms, valleys are said 
to be young, mature, and old, the characterization emphasizing their 
fttage of development rather than their absolute age in years. 

The ideal young valley has a V-shaped cross profile (Fig. 55) and its 
floor is scarcely wider than the channel of the stream it contains, be¬ 
cause downcutting by the stream is dominant over valley widening 
by mass-wastimr. 



jbMgdlarities in Hie^itMUtDd and bidks of the jrtfeaut defteet tibe ear^- 
Twt, tumlng it againet one bank. By itnpingteg againet tlua hatA:, 
is tun^d towaid the opposite bank, where the,process is repeaited. ‘ ‘ 

this maimer the channel takes on a winding ^ttem. The c^itrfftigal 



f jq. S5. CrosB-pn^fileH of a atreain vaUe>. derelopod auticeacdvely during tht* progrosHive 
eroMon of Um valleyi i, il, d are V-profilea. ^ ^ broadly Harmg pro^es^ 

force of the swinging current results in incrfjased erosion of the banks 
at the places where the current is thrown against them. The banks am 
v'orn back at these places, which alternate, right and left, down the 
valley. As the banks yield, the channel shifts sidewise toward^he 
outer and do^instream sides of its curves (Fig. 56). At the“inncsr and 
upstream sides of the curves the water is slack. Here alluvium is de- 
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1 iGS 56-58. Evulution of the valley floor and developmeut of stream eurvcH into inpandera 

I'la. 56. Stream ih actively cutting at the outer aides and slippmg away from the umer 
Hides of its ruivps, makmg crescent<^haped strii^ of valley flour, 

Fiu. 57. hater stage. Stream has cut a continuous strath and is uiidercutting the 
Hpure that face upstream. 

1 10 , 5S. Later stage. Valley haa been vvidened noailj’' to the width of the rurves 
(now meandcis), which sweep down the valle>. 


posited and is abandoned as the channel shifts sidewise away from 
these areas. 

The combination of downcutting and lateral shifting of the channel 
imparts to tlie valley sides alternating steep and gentle slopes (Figs 56, 
57). The latter gradually merge into a slowly widening valley floor. 
At first the floor consists only of crescent-shajied strips on alternate 
sides of the channel (Fig. 56). But as the channel shifle and as down- 
cutting diminishes, the strips coalesce, forming a continuous, more or 
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Clift 

;^eaih dcpii^itQ' This flCpr is known as a a word 

ilwg usi^in Sootiand in i^lerenec to a wide flat valley floor. Wlien the 
ittathhas becohae fully dreveloped, tbe valley is said to he imtvre. By 
i^iB tiue the stream, undercutting, the valley sides, has widened the 
valley floor to a diameter ^eater than the diameters of the curves of 
&e stream channel. When the curves have reached this condition they 



Fio. 59. Valley with wide strath, showing formation of cutoffs and cresoent-shaped 
oxbow lakes. Arrows in near part of stream indicate course of current and position of 
deepest part of channel. Undercutting on outer banks and deposition on inner bonks of 
the channel give the strath the faint interlocking slopes visible in iihe diagram. 

are termed meanders (Figs. 58, 59, 60). (Some meanders, however, are 
formed in other ways, as indicated on p. 85.) The steepest bank and 
deepest water lie on the outer side of a meander, w'here the current is 
strongest. As the curvature of a meander becomes more pronounced, 
a channel is cut through its neck, and an island is thus fonned. The 
main current takes the shorter route afforded by the cutoff, and the 
entrances to the abandoned channel are gradually filled with sediment, 
leaving a shallow crescent-shaped (oxbou?) lake (Fig. 59). Such lakes 
are undercut and destroyed by other meanders migrating' gradually 
dow-n the valley. 

Lateral cutting does not cease at this stajge. The meandering stream 
impinges here and there against the valley sides, wearing them back 
still farther. The stream also shifts its course by overflow during 
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Pig- 60. Mafure valley wtth wtdt strath and meandering stream. Annafolh 
Valley, TufpervilU, Nwa Scotia. 


floods (p. 861, In these ways Ihe strath may be broadened to many 
times the width of a single meander (and if the stream is subject to 
overbank floods, part or all of the strath may become a floodplain). 
Stream cutting takes place more and more slowly, and inase-wasting 
reduces the valley sides to very gentle slopes. The valley has now 
become old. 

The terms young, mature, and old are convenient in describing val¬ 
leys, f(tr each terra implies a group of distinct characters. 

THK FUrVlAL CTCl-E IN A MOIST CLIMATE 

The change in size and form of a valley as it evolves through its 
young, mature, and old stages is marked. From visualizing the evolu^ 
tion of a single valley it is only a step to visualizing the evolution of 
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a broad land mass drained by innumerable valleye. Since valleye 
enlarge at the expense of the areai? that separate them^ it follows that, 
given time enough, streams and mass-wasting must eat away even a 
great land mass and reduce it to baselevel. Such complete destruction 
is the certain result oi these processes if they are not interrupted. The 
series of changes involved in the upheaval and the complete reduction 
of a region to baselevel, by any geologic process, constitutes a geo-- 
morphic cycle (a completed process involving the form of the land). 
The geomorphic cycle that is controlled by streams and mass-wasting 
is termed the fluvial cycle. Of course no eye has seen a single land 
mass undergo all the changes described, because the process is very 
slow. But because we observe many diiferent land masses today, each 
in a different stage of evolution, and each grading imperceptibly into 
the next, V'e can safely infer that, given time enough and freedom from 
interruption, the entire sequence of changes will occur. 

The fluvial cycle varies with climate, differing in the moist temper¬ 
ate climates of eastern North America and western Europe from the 
cycle in tropical regions w'ith extreme rainfall, and again from the 
cycle in warm arid regions. We may select the first and the last as 
examples, because these are well represented throughout wide areas of 
North America. 

Initial Stage. Figure 61 represents a land area composed of homo¬ 
geneous rocks newly emerged from beneath the sea and lifted up to 
moderate height in a region of moderate rainfall. Gullies develop on 
ibs surface at once. Adjacent gullies join downslope and form con¬ 
nected chains, which gradually become valleys. Tributaries develop, 
lengthening themselves headward from the parent gullies, and the land 
area passes from the initial stage into youth. 

Youth. The region is now drained by a stream system developed 
upon the pre-existing initial slopes, which happened to be so arranged 
that greater concentration of drainage took place along the lines of 
the infant streams B and C (Fig. 62 ) than along the streams A and D, 
Streams B and C therefore sent out more tributaries and grew head- 
ward more swiftly than their less favored weaker neighbors A and D. 

The struggle for supremacy among these streams is illustrated by 
the situation at x (Fig. 62 ). Two streams, c and d, tributary respec¬ 
tively to B and C, have lengthened their valleys headward toward each 
other, narrowing the broad area that formerly separated them. Stream 
€ has a shorter route to the sea than has stream d; hence the gradient 
of c is steeper, its power to erode is greater, and it cuts its valley both 
downward and headward more rapidly tlian does d. This inequality 
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m rate of erosion results not only in lowering the divide x but also in 
shifting it away from c toward d. 



Ficm. 61-6((. IcUial fluvial cycle under a moist tciiiperute climate and on humoKeneous 

rocks. 

Fig. 61. Initial stage, showing gullies developing at points where the runoff is cun- 
ooiitrated. 

Fig. 62. Early youth, showing growth of the stronger at the ex})enac of tixe weaker 
streams. 

Fio. 63. Tjater youth, showing reduction of tho initial surface to irregular ridges. 

Fro. 64. Early maturity, showing dissection of Lnt>erstream areas into slopes aitd de» 
velopment of straths. 

Fiu. 65. Later maturity, showing decrease in 1*01101, reduction of slopes, and widening 
of valleys. 

I'lG. 66. Old age, showing development of fluvial peneplane with monadnoeks. 

If the inequality were great enough, the divide would be shifted into 
the floor of stream C immediately below the former mouth of d, and 
all the drainage of C above this point would be suddenly captured, and 
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diverted via c into B. Other types of stream capture are described on 
pages 115 and 498- 

The streams in youth liave gradients as steep as the height of the 
land above sealevel permits; they occupy V-valleys with steep sides 
and erooked courses. Tributaries develop rapidly, their valleys grow¬ 
ing headward' from the main streams like branches growing from the 
trunks of trees. As the numerous tributaries, powerfully aided by 
mass-wasting, dissect the surface, the broad areas between parallel 
streams contract into narrow irregular ridges (Fig. 63). 

Maturity. When the tributaries have lengthened their valleys so 
far headward that the areas between them have been dissected into 
short hills and spurs, and when the growing valleys have consumed 
much of the land mass, the landscape imperceptibly takes on a new 
aspect and the region is said to be mature (Fig; 64). The intricate 
network of drainage is complete, and most of the area has been carved 
into slopes. The main streams have cut downward far enough to de¬ 
crease their own gradients appreciably, and to develop straths on 
which they meander, while the upland (initial) surface, prominent dur¬ 
ing youth, has wasted into slopes. Because dovmoutting has been 
checked, the mantle moves down the slopes less rapidly. Sliderock 
accumulation and landsliding gradually give place to creep, and conse¬ 
quently the profiles of the valley sides are converted into sweeping 
curves (Fig. 70, left). The mass-wasted slopes are graded with respect 
to the streams at their bases, just as a mature tributary stream is 
graded to its main. In this way graded profiles extend not only along 
the streams but up the hillslopes as well. 

Old Age. Because of the ever-decreasing gradients of the main 
streams, the heights along the steeper tributaries are now wasted 
more rapidly than the larger valleys can be deepened. The result is 
a gradual decrease in relief (Fig. 65). Lateral cutting by the sluggish 
main streams widens the valleys and helps to cut away the adjacent 
higher land. As the floors of the main valleys slowly approach base- 
level, and downcutting by the main streams gradually diminishes, ero¬ 
sion is confined more and more to valley widening by the main streams 
and mass-wasting of the slopes,^, ^though downcutting may still be 
active along the lesser tributarias whose gradients are still consider¬ 
able. The hills of maturity merge downward into low altitudes in old 
age, catching less precipitation amd shedding the reduced runoff feebly. 
Tributaries diminish in number. Erosion takes place with increasing 
slowness, so that it mi^t require more time to remove the last few 
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Fig. 67, Monadnxh nrar Moo rehead Lake^ Maine 


of land still above baselevel tlian was needed for the destrurtion 
■ all the land that went before, 

Peneplanes; Monadnocks. The Riirfaee nf low relief, very gently 
idulat(^rY, that is developed in late old age is a terrestrial pe/ieptaTMJ 
‘almost a plane,” Fig, 66^. Only a few residual remnants of the 
Finer high land remain. Here and there isolated hills of resistant 
;)ck stand soniew’hat above the general surface, like islands above the 
•a (Fig. 67). Such island-like masses are monadnorks, so called after 
ount Monadnock in New' Hampshire w’hich stands in this maimer 
love the surface of the surrounding country. The creation of a ter- 
istgal pcneplane is the work nf stream erosion and mass-wasting 
irabined, each process aiding the other. 

If we followed the cycle to its theoretical conclusion^ we should havei 
add a stage in which the peneplane was converted by alnaost in- 
•edibly slow degrees into a plane, devoid of elevations or depressions 
! any kind. But, because wc have never found remnants of such 
anea, wc are inclined to doubt that they have ever been made, and 
) w'e devote little attention to them. 

The terms youth, maturity, and old age do not refer to periods of 
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yeara^ or to any absolute age. They denote merely stages defined by 
the amount of work done in proportion to the total amount of work 
that must be done to ooB^^Iete the cycle. A region of very weak rocks 
might reach old age while an area of resistant rocks was still in youth 
as far as the amount of erosion accomplished is concerned. It follows 
that an extensive valley system may be in different stages in different 
localities, depending on supply of water and on the nature of the 
underlying rooks. Other factors equal, main valleys are always more 
advanced, in the cycle than are their tributaries. 

Since streams have been carrying rock waste from land to sea for 
hundreds of millions of years, why has not all the land been reduced 
to sealevel? The reason is that the Earth’s crust- is very unstable; 
while one part is being w^om down, another part is being lifted up and 
subjected to renewed erosion. For this reason there are no undamaged 
peneplanes in the lands of today. Remnants of former pen^planes 
exist, but none is now near baselevel. Some peneplanes have been 
lifted up, and dissected by a new generation of streams, so that they 
are now recognizable only as flgtches on flat-topped divides. Others 
have been buried beneath sediments of later date, and are now recog¬ 
nizable only where the blanketing deposits have been, still later, partly 
cut away: where the peneplano has been, so to speak, exhumed. 

More often than not, a cycle once begun is interrupted, usually by 
renewed uplift of the land, before it has reached the peneplane stage. 
Rcsult^s of such interruptions are discussed in Chapter 20. 

Time Involved in the Cycle. The time required fur the great se¬ 
quence of changes involved in the cycle depends on the height of the 
land above sea, its distance from the sea, the resistance of the rocks to 
erosion, and the climate; but even under the most favorable conditions 
it is enormously long. From measurements of the amounts of sedi¬ 
ment carried by the Mississippi River under various conditions, it has 
been computed that the vast land area tributary to this river is being 
lowered at the average rate of 1 foot in 7000 to 9000 years./This rate 
% very rapid in terms of geologic history; it seems rapid even in terms 
of human history when w^e realize that since the time when man first 
appeared on the Earth (about a million years ago) an average thick¬ 
ness of 100 lb 150 feet of rock has been removed from the Mississippi 
basin. Yet at this rate more than 15 million years wamld be required 
to reduce the region to baselevel, even if no account is taken of the 
padual slowing up of erosion as a result of decreased gradients. The 
actual time required would be vastly longer. 
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^CDLPtOBB IK AUD AND SRM TAhTn REKtBIHB 

DIFFEUiNI^ wrvtm DBY and NOKf BSGIOKa 

Arid and Semiarid Regions Defined. Dry territoij is usually cUuf* 
sified roughly into semiarid (in whish the annual precipitation is ICl 
to 20 inches, as in the Great Plains region east of the Rocky Moun'- 



Fig. 68. Chitlini; map of a large part of northarn Nevada allowing interior drainaige. 
The long stream in the center is the Humboldt Kiver; like the smaller streams it ends in 
an interior basin. C'ompare with the drainage of a moist region of somewhat aimilar siie 
aliown in Fig. 321, p. 489. 


tains) and arid (which receive lesa than 10 inches of precipitation an¬ 
nually and are subject to great evaporation). Some authorities define 
arid regions as areas in which drainage does nut reach the sea. On 
the latter basis, one-quarter of the land area of the globe *is arid, if 
exception be allowed for long through-flowing streams such as the 
Nile and the Colorado, llicse streams maintain themselves through 
arid regions in spite of great evaporation and lack of many tributaries, 
because their headwaters in distant mountains give tliem a large and 
steady supply. 

Chief among areas of interior drainage are the Sahara^ the Libyan 
Desert, and the Kalahari in Africa, parts of the Basm-and-Range re** 
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in Kevada and adjacent States, the desert of western Australia, 
certain basins hig^ in the Andes, and wide areas in central Asia, euoh 
as the Desert and the Takla Makan basin. All these regions are 
alike in tiiat their streams lose themselves in the interior (Fig. 68). 

Arid and semiarid climates favor some processes and inhibit others; 
as a result, sculpture of dry lands differs conspicuously from that of 
moist lands. The differences are explained below. 

Weathering and Mass-Wasting. We have seen that in moist re- 
the mantle is nearly universal, comparatively fine textured, a 
product mainly of chemical weathering, and in motion downslope 
chiefly by soil creep. It is covered with an almost continuous growth 
of sod, brush, or forest. The resulting bill profiles, especially in the 
mature stage of the cycle, arc a series of curves (Fig. 3B). 

In dry regiops, on the oth^ hand, the mantle isj discontipljous, 
coarser in texture, and a product of merhanical weathering to a much 
greater degree. In the slow motion of the mantle down the 8loi)es, 
talus creep replaces soil CJmp to a large extent. In consequence, slopes 
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Fig. 69• Buttt and msa along the R 10 Grande at San lldejonso^ northwest of 
Santa Fe, New Mexico. The capping consists of lava flows resistant to weather¬ 
ing. These protect the weaker rocks beneath and matntatn the cUfjs near the sum- 
mts. Probably the lava flows were formerly continuous through this district^ the 
butte having been later isolated from the mesa through erosion by the Rio Grande 
and tt,i tnhutaries * 
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ar^Benfivally eteeper t]iiui in nunut regions, and talusM are more com* 
monly'in evideoee. 

Mechanical weathering, wodeing along joints in the ^drocks, lorms 
angular blocks which, as they fall or creep down^ippe, leave steep 
rugged cliffs. 

Hills made of flat-lying layers of rock remain flat taj^icd and steep 
sided as they grow smaller in area through recesoon of the clitfs that 
constitute their sides. Flat-topped erosion remnants of this kind arc 
mesas; similar features of smaller extent are the flat-topped buttes of 



Tio 70. ("ontrast bctwt»en landEcapc profiles in moist and dry reg^tona. Left^resiatant 
rockn larKoly masked by mantle of rhomioally weathered residuum oreeping down the 
slopes Hight—resistant rocks exjKised as broad platforms and steep rliffs, with local 
talusos built by mcrhaiiioal weathering and mBs»*wustmg. 


western landscapes (Fig 69). The curving profiles that characterize 
the moist regions in maturity of the fluvial cycle are less common here. 

Mechanical weathering also accentuates instead of minimizing the 
effect of rock resi'itance on landscape profiles (Fig 70). No mat of 
creeping mantle obscures the contacts between weak and resistant rock. 
Tlic Grand Canyon affords an excellent example It has been exca¬ 
vated by the Colorado River in nearly horizontal rocks arranged in 
alternating weak and resistant la|!«s. The more rpsistaht layers form 
broad platforms, tmd id^eep cliffs whose talusos ^derived frran meclmtt- 
ical weathering) «iUy partly cover the weaker hedjs (0gr^ 

Stream Sculpture. In dry regioni^ trees gefe(rally 
and although Jin^emian^ country a 4>hudket olaed is pjrlBenii|tfae scit 
is loose, dry, and penwable. Gullying mecWK :trherMdie stfS 

Is liud bare Because flow down all tjbe eItgiKis IJil^pMItirwed, 
proportion of surface lunoff tq rainfall, is 
subjeet to sudden floods, thdir wsitete in eedHeif 

IitiSe rainfaU thek flow is greatly reduced jmdjpg^ at^ 

ity of the streams to erode, u|K9a,iu fhm^t i*<WF 
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areas l^e flood waters pick up great loads of rock debris. At the foot 
of the raountains stream velocities are abruptly checked, aaad dis¬ 
charges not only by percolation downward into permeable 

stream deposits but alsb by evaporation enhanced by the dry climate. 
In consequence, fans are commonly larger and more conspicuous in 
dry than in moist regions. It should be noted that aridity aids fan 
development by promoting evaporation but is not essential to it. Mud- 
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Fiq. 71. Badlands along Hed Deer Ki\er aoutli of Happy Jack l^ero, AU)ertu. 

flows help to build up the fans; they play a more important jiart in the 
progress of erosion and deposition than they do in moist regions. 

In many dry regions creep of the mantle down the sides of the 
smaller valleys is less conspicuous than the eifects of lateral cutting 
and deposition by streams in flood. The result is a steep-sided, flat- 
floored valley or “box canyon,” a characteristic feature of the Great 
Plains and other similar regions. 

Although it is usual in dry territory for streams to be spaced far 
apart in response to the small precipitation, nevertheless weak fine¬ 
grained materials such as clay and silt exposed to erosion are rapidly 
carved into networks of gullies separated by narrow spurs. Such in¬ 
tricate gullying, which progresses visibly with every rain, is common 
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along pafti9 of the Missouri, Little Missouri, Wliite, Cheyenne, and 
oth^ rivers that drain the Great Plains region, most of which is under¬ 
lain by weak bedrocks. Areas so gullied are termed badlands <Pig. 71). 

Influence trf Wind. The small moisture content of the mantle, 
scanty vegetation, and rapid mechanical weathering that characterize 
dry regions are factors favorable to wind work (Chap. 10). In some 
deserts such as the Sahara, where sandstorms are frequent and violent, 
the wind plays an important j:)art in shaping the landscape. However, 
wind work is not of prime importance in the arid regions of North 
America, because its effects are greatly exceeded by those of other 
processes. 


THE FLUVIAL CYCLE IN A MODERATELY ARID CLIMATE 

No single example can illustrate all the many kinds of arid regions. 
The idealized cycle outlined below represents the conditions embodied 
in the more arid parts of the southwestern United States, in which 
interior drainage is an important factor, but which is less dry than the 
Sahara. 

Initial Stage. Under a sufficiently arid climate an initial land sur¬ 
face eansisting of high ridges separated by broad trough-like closed 
basins results in intcritu* drainage. As the ridges are uplifted, streams 
develop as consequents upon the newly formed sltjpes and carry drain¬ 
age from the new highlands down into the adjacent troughs. They 
flow only after infrequent storms and are represented at other times 
only by dry valleys. Most of them evaporate or sink beneath the sur-^ 
face before they reach the low central parts of the troughs, depositing 
their loads in the form of fans built up along the bases of the highlands. 
The central parts of the basin floors are playas (Figs. 101,102, p, 149); 
and the water that reaches them forms shallow lakes fp. 148) only to 
evaporate soon afterward. Figure 72 shows the initial surface, initial 
consequent valleys, and playas in the troughs. 

Youth. In the steep highland valleys the streams are eroding their 
beds; on the gently sloping basin floors the same streams are deposit¬ 
ing their loads. Where they emerge from highlands into basins they 
are at grade. Because they are here neither degrading nor aggrading, 
their energy is applied effectively to lateral cutting. Combined lateral 
erosion by several adjacent streams cuts a gently sloping surface in 
the bedrock at the base of the highland (Fig. 73). This surface is 
called a pediment, because of a resemblance, when viewed from a dis¬ 
tance, to the triangular area that forms the gable of a roof. The mak¬ 
ing of pediments is a result also of weathering and mass-wasting on 
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Fine. 72-76, Ideal fluvial cycle under a moderately arid climate. (C?onipaie l ig». 61 -Ofl.) 

Fig. 72. Initial Htage, Hhowing ruTiges, ba^inH, and early development of fariM and 
pilayajs. 

Fig. 73. Youth, showing appearance of one type of pedirneutH and decrease of relief as 
the baain floors rise by filling. 

Fig. 74. Maturity, showing Vrideiiing o£ pediments and capture of the higher basin by 
the lower.. 

Fig. 75. Later maturity, showing dissection of the higher basin, transfer of the waste 
ibo the lower, and the exposure of pediments. 

Fig. 76. Old age, showing maximuni development of pediments and disintegration of 
the drainage. Climax of deflation is indicated by small whirlwinds carr^dng dust. 
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slopes aiid of other proeesses, the relative importance of 
^Vhich has not been established. 

As highlands are consumed by erosion their steep faces.retreat^ 
widening headward the zone in which the streams ai^e at grade, and 
with it the pediment. Because the streams do not rtach the sea, sea- 
level can exercise no control over them as it does over the streams in 
a moist climate. Here the baselevels tliat limit downcutting by the 
streams are formed by the basins themselves. The Boor of each basin 
becomes the local baselevel for the streams tributary to it, and as the 
basins are slowly filled with waste from the mountains, each baaelevd, 
mc-s*. This re<hices the stream gradients and obliges tlie streams to 
reduce.by ever-renewed lateral erosion the slopes of the pediments* At 
the same time tlie rising surface of the rock waste in the basins creeps 
higher up the pediments. The streams, still flawing intermittently but 
jierfonriing much work during their short periods of discharge, are at 
grade throughout the greater parts of their courses. Meanwhile strong 
w'inds pick up fine rock waste from the playas and sw^eep it, as dust, 
upward and outward (rver the inclosing highlands so that it escapes 
from the region entirely. 

Maturity. As the mountain divide between two basins is cut down 
and the basin floors are built up, the higher basin in time is able 
to drain downward across the old divide into the lower basin. The 
drainage of the higher basin has been captured (p. 105) by the lower. 
AVhen tlie drainage in the basins has thus become integrated into a 
unit the mature stage is said to have been reached, and drainage passes 
from the upper basin to tlie lower in times of rain (Pig. 74). The 
capture results in the dissection of the higher basin by a consequent 
system of gullies working headw^ard from the new channel, and the 
w^aste from their excavation is deposited in the lower basin, hastening 
its filling. With the capture, the surface of the lower basin becomes 
the master baselevel. It controls both its own streams and those of its 
neiglibor. 

The dissection of the former playa in the upper basin makes bad¬ 
lands, and this basin becomes so thoroughly dissected that every part 
of it drains dowm into the master basin (Fig. 75), while the initial 
highland surface has entirely disappeared. 

Old Age. W'ith the lowering of the mountains the rains, infrequent 
at the outset, become even more rare because condensation decreases 
wdth decreasing elevation. The whole process is correspondingly re¬ 
tarded, but ttic wind, its erosive activity less interrupted by the occa¬ 
sional wetting of the remaining playa, blows away more rapidly the 
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fine loose material of the basins. The pediment in the highNOf 
stripped of most of its earlier mantle of waste by transfer to the 
is laid bare. The wind becomes an increasingly important agent 
erosion, picking up the finest material, blowing it away, and thereby 
slowly lowering the whole surface, which now resembles a plain more 
nearly than a pair of basins. Only the rock masses that are most 
resistant to mechanical weathering remain as monadnocks projecting 
island-like above the surface of the plain. Because the wind can work 
at will over the entire area, the surface continues to be slowly worn 
down (Fig. 76). In a very late stage the floor is thinly covered with 
coarse waste and dotted with monadnocks. 

If the master basin were not closed, but instead drained out to the 
sea, the cycle W'ould differ only in detail. Pediments would form in 
the master basin, but its floor would not rise by filling. 

If the final stage does not exist in any arid region at present, it may 
be partly because the crust has been unstable or because insufficient 
time has elapsed since tho glacial ages (w'hen most dry regions were far 
less dry than now) to allow it to develop. It has been argued, how¬ 
ever, that in the arid cycle the surface could be worn down by deflation 
(p. 200) to a depth well below sealevel, providing the sea w^ere kept out 
by surrounding highlands. An example is the Qattara depression in 
the Libyan Desert in northeastern Africa, Nearly 150 miles long and 
in places lying more than 400 feet below sealevel, this basin was the 
southern anchor of the ‘^El Alamcin line’* during World War II. 

The wind, however, can not pick up rock particles from wet gi*ound, 
and so ultimately deflation would be stopped by the water table, below^ 
which the rock is kept permanently moist. The*water table (p. 120) 
tlierefore may constitute the baselcvcl for the cycle in such a region. 

The cycle in a region such as the Sahara or southern Arabia differs 
from the above chiefly in a different emphasis on the processes. In 
those regions the initial relief was generally less, and the making of 
fans and pediments is less conspicuous relative to wind ivork than is 
the case in the United States. 

Conclusion 

Given any kind of land mass acted upon by streams under specified 
climatic conditions, we are able to foresee the general sequence of 
events that will take place and thus to reconstruct the past and pre¬ 
dict the future by a study of the present. The organization of our 
knowledge of the work of streams into a continuous chain such as is 
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repreeei^ted by the cyde concept is mi invaluable aid in the aiudy of' 
the eoulptilre of the land by Btreams. 

The examples of land sculpture given in tide chapter are baaed on 
simple conditions such as homogeneous rocks and a quiescent crust. 
The sculpture of many land masses has been more complex, but dis* 
cussion of them is deferred to Chapter 20. This chapter follows the 
discussion of sedimentary rocks and crustal movements, a prerequisite 
to an understanding of the wide variety of stream-sculptured forms. 
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SUBSURFACE WATER 

One of the reasons why man has been able to establish permanent 
settlements, not only in well-watered country but also in desert lands, 
is that there arc few districts in which holes, intelligently located and 
sunk far enough into the ground, do not encounter at least a small 
supply of water. The depth of an adequate well in a moist country 
may be only a few feet; in a desert it may have to be hundreds of feet. 
The Earth’s superficial rocks constitute a vast reservoir of svbmrfare 
wafer, -which not only is of prime human importance, but also plays an 
important part in the efidless process of geologic change. Water in 
the ground dissolves some of the substances of which the rocks are 
composed and thus prepares them for attack by other eroding agents. 
Conversely, it acts as a transporting and depositing medium for sub¬ 
stances that cement loose sediments to fonn new rocks. The quantity 
and distribution of water beneath the surface control the flow of rivers, 
the levels of lakes, and the locations of swamps. And, finally, sub¬ 
surface water furnishes the water supply of a large proportion of the 
world’s population. 

Source, DiSTRiBUTioy, and Movement 

Source and Distribution. Most of the water below ground is merely 
rain and melted snow that has seeped downward from the surface. 
Once it has penetrated into the ground, it follows various course's. 
Part of it finds its way back to the surface as springs or through tin* 
pores in the mantle or through plants; some of it is held within pore 
spaces in the rocks, and some of it actually becomes a part of the rocks, 
by uniting chemically with them. 

In most regions with moist climate, wells generally yield water at 
sjight depths.^ However, most mines and other holes that penetrate to 
depths of several thousand feet encounter little water at such depths; 
in fact many are dry. Furthermore, at several miles’ depth the pres¬ 
sure of the overlying rocks is so great t^t open spaces capable of con¬ 
taining water probably . can not exist (p. 445). It is Htpiy therfifoK 
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that the Earth’s crust oontains free water only throughout a restricte d 
gone liear the airfaca i We say “free water** because at greater depths 
the water present is an integral component o| the rocks themselves^ 
chemically united to them, and is therefore not available for with¬ 
drawal. 

Witljiii the gone in which subsurface water occurs, the chief factors 
that* control its distribution are climate and the character of the rocks. 
Climate, through precipitation and evaporation, governs the amount of 
water contributed to the ground. Rock character governs the amount 
the rocks will absorb. 

Porosity. The amount of v'ater that rocks can contain depends on 
the open spaces in the rocks. The open space consists of very small 
openings, such as those between the grains of which the rock is com¬ 
posed, as well as of larger openings such as fissures and caverns. The 
porosity of a mass of rock (or mantle) is determined by the proportion 
of open space it contains. The porosity of some igneous rocks is less 
than 1 per cent (of the volume of the rock), whereas the porosity of 
fromc sands and gravels is 25 to 45 per cent. If the sand.s and gravels 
have become consolidated (p. 260) so that they form sandstones and 
conglomerates, their porosities may be reduced by more than half. 

The ability of a rock body to hold water is increased by the presence 
of fissures and caverns, which add to tlic open space in a rock body 
but are independent of the porosity of the rock itself. Fissures are 
ini[)oi’tant in making a rock body more permeable, as discussed below. 

Permeability. Permeability is the capacity of rock or mantle to 
I)ermit water to pass through it, and in porous rocks it varies roughly 
as the square of the diameter of the particles of the material. Where, 
as is common, particles of several sizes arc present, the smallest rather 
than the largest sizes determine the permeability. Thus gravels and 
sands ordinai ily yield the greatest amounts of water, whereas silts and 
clays yield less. The porosities of some clays exceed 50 per cent; yet 
even wdien saturated these materials are impermeable, because the 
pores are so minute that the w’ater is held by the molecular attraction 
of the clay particles. On the other hand, a compact granular rock 
such as granite, although practically without pore space, is permeable 
if it contains fractures, because water flows easily through the fractures. 

SUBSURFACE WATER IN HOMOGENEOUS PERMEABLE BOCKS 

Water Table Separating Vadose Water from Ground Water. In 

most regions the rocks are saturated with water below a depth that 
depends largely on the permeability of the rocks, the amount of rain 
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water that sinkd into them, and the topography of the land. In per* 
meable rocks this surface below which the rocks are saturated is the 
water table. The subsurface water that lies below the water table is 



Fiq. 77. Idoal diagram showing the relation of the water table to the land surface, the 
movement of the subsurface water (indicated by arrows), and the aones of vadose water 
and graund water. 

For simplicity, the area shown is regarded as underlain by homogeneous permeable 
rock. The ground above the water table is drawn as if it were transparent, to show 
moi-e clearly that the water table is a subdued replica of the land surface. Note'that the 
ground water tends to move toward the stream 'vidleys, where part of it emerges. 

ground water; that which lies bt^tween the water table and the Earth^s 
surface is termed vadose water. In the vadose zone the water content 
fluctuates rapidly, and generally the available openings are very in¬ 
completely filled. 



Fig. 78. Oonditions controlling locations of springs and wells in homogeneous per¬ 
meable rooks or mantle. The water table fluctuates l^tween W (in the wet season) and 
D (in the dry season). Well A, reaching below the dry-season water table, has a continu¬ 
ous supply. Well B, reacliing the water table only during the wet sitoaon, goes dry at 
times. 8,8, sone of springs whose migration, with the fSil^uating water table, causes the 
swamp to contract and expand Bea8onalh'^ 

The water table is not a “level”; on the contrary it is irregular. 
In moist regions and where the rocks jare homogeneous, it is a subdued 
replica of the land surface beneath ^^^h it lies (Figs. 77, 78), stand¬ 
ing relatively high beneath hills and declining toward valleys. The 
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vadose zor^e is thickest beneath hills and becomes thim^er toward val¬ 
leys; in fact in many low places the water table intei*Bects the surface^ 
fonrring springs and merging with streams, swamps, and lakes (Fig. 
79).- The water table has gradients analogous to the gradients of 
streams. T^e gradients ordinarily slope down from paints beneath 
hills to points beneath valleys. The gradient in any place is deter¬ 
mined by the permeability of the rock and the quantity of water sup¬ 
plied, usually from the rainfall Immediately above. | Thus in times 
of rain the water table rises and becomes more irregular, whereas in 



Fig. 79. Springs emerging along a rontact between permeable sandstone and under* 
King impermeable shale. The springs are fed by water that has fieroolated down through 
the sandstuiiG, and give lise to small surface streams. 

tiines of drought it subfeidcs and flattens out. In general, the lowest 
position of the water table in any region is closely controlled by the 
vertical position of the largest surface stream, which acts as a kind of 
baselevel for the water table. As streams gradually lower their valleys 
by erosion, the water table of the whole region keeps pace by slowly 
subsiding, until in the pcneplane it lies scarcely above the level of the 
sea. 

In many dry regions the water table is liighest beneath large streams 
flowing from well-watered mountains and is kepi high in such regions 
by percolation from the streams themselves. 

Movement of Subsurface Water in Homogeneous Permeable 
Rocks. Subsurface water moves chiefly by percolation. The move¬ 
ment of the vadose water is for the most part directly downward (Fig. 
77). The ground water (the water below the water table) moves in 
the same direction as the surface runoff, but more slowly, because it 
encounters friction in its passage through the interstices of the rock. 
It moves most rapidly beneath stream channels in sandy and gravelly 
deposits that cover the bedrock floors of many valleys. In gravel the 
subsurface discharge (known as underflow) may be considerable, eon* 
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stituting a vast body of slowly ijercolating water beneath the bed of 
ibe surface stream. Under favorable conditions, underflow velocity 
may amount to at Icast^everal feet per day. 

The continuous contribution to springs, streams, and lakes from this 
great underground reservoir is the cause of the continuous flow of 
streams in moist regions. 

In general, the movement of ground water decreases as depth in¬ 
creases, because of loss of gradient and diminishing permeability. At 
the greatest depths to which ground water can penetrate, movement 
virtually ceases. 

> Simple Springs and Wells. Subsurface water emerges naturally 
at the surface either as unconcentrated seepagej nr with a distinct 
current as a spring. There are many kinds of springs. Two common 
kinds of simple springs are illustrated here. Figure 78 shows the con¬ 
ditions under which springs and seepages occur along the trace -of the 
intersection of the water tabic with the surface of the ground. Figure 
79 shows a type of spring, localized at the contact of permeable rock 
on impermeable rock. Such a spring might consist of either vadose 
water or ground water. 

A well (A, Fig. 78) excavated below the lowest position of the water 
table is assured of a continuous supply of water, replenishing itself 
automatically as w^atcr is drawn out (provided, of course, that amount 
of water and permeability are adequate). The rate at which water is 
withdrawn, however, has to be adjusted to the permeability of the 
rock, because w^ells in very permeable rock replenish themselves much 
more rajjidly than do w’olls in rock of low permeability. A well (5 
Fig. 78) that does not reach the water table at all times wall intermit¬ 
tently become dry. 

Wells are an important source of public water supply. In the United 
States alone, about 6500 public w'aterworks are supplied from wells, 
many of which are simple w^ells like those described. 

SUBSURFACE W^ATOR IN HETEROGEN POTS BOC^KS 

In areas underlain by two or more kinds of rock of differing per¬ 
meability, movement of the subsurface water is necessarily more com¬ 
plex. Of the many possible conditions three principal ones stand out: 
perched water bodies, artesian systems, and fracture systems. 

Perched Water Bodies. If impermeable layers arc present, descend¬ 
ing w’atcr is stopped at their upper surfaces. In areas where the water 
table lies well below the surface, an irregularly shaped mass of im- 
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penoeable^rock in the, cone of vadose water may hold an isolated body 
of ground water perched or su^ended above the normal ground-waier 
zone. The isolated body has its own local watev table—a perched wafer 
table —^below which shallow wells can obtain water (W, Fig. 80). Con¬ 
versely, impermeable strata may extend below the re^ona) water table. 
A hole penetrating such a stratum would be dry even after it had 
passed below the general level of the water table in the surrounding 
region. 

Confined Ground Water: Artesian Systems. In a scries of inclined 
sedimentary rocks that include a permeable layer such as a sandsbme, 



Fig 80. Perphod water bcMlios (P, P} caused by iiregulai impermeable bods (shown by 
clfiik shadiiiRi Ijing abovo the main water table (3fVFT) ahd vieldiii* water to a shallow 
well (FT). A deeper liule (ff) ends in imiicrmeabie rock and fails to obtain water. 


overlain by an inipermeabl^ layer .siifh as a shale, siibsiirfaee ^ater 
moves freely in the sandstone but is held immobile in the shale. Free 
hydraulic connection between the ground water ixi the sandstone and 
the ground water lying above the sandstone is prevented by the im- 
])ermeable shale except where the sandstone is cut by the surface of 
the gi'ound. Here, at the outcrop of the sandstone, water enters this 
layer. Its peretdation is confined to the sandstone by the overlying 
shale, which forms a ‘^roof,” and thus there is developed a hydraulic 
gradient distinct from the slope of the water table of unconfined ground 
W'ater. A.s the shale itself is saturated, the whole system lies below 
the water table. The permeable layer or aquifer may be tapped by 
drilling a hole through the confining impermeable layer. Then the 
hydrostatic pressure of the column of w^ater extending up to the intake 
of the aquifer fjirces the water up through the hole, to a height equal 
to the vertical distance between intake and outlet, minus a small 
amount owing to friction resulting from percolation through the aquifer. 
If the hydrostatic pressure is sufficient to lift the water in the outlet 
hole above the water table, the hole is an aftesum well (Fig. 81), so 
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called because the first well of this kind was made in the French prov¬ 
ince of Artois in the twelfth century. Some true artesian wells flow out 
at the surface, but many have to be pumped. Artesian wells can not be 
made simply by boring deeply unless the requisite conditions stated 
above are present. Deep wells bored into rock so as to intersect the 
water table (some of them penetrating far below it) are often called 
artesian wells, but this is an incorrect use of the term; there is no diifer- 



Fto. 81. A simple artesian system. A permeable sandatone layer (an aquifer) nrops 
out in the hill to the left and absorbs rainf^l which descends along the sandstone, sealed 
in beneath a capping layer of impermeable rock. A hole bored down into the aquifer, 
farther down its dope, becomes an artesian well. Near the well, tlie water table may lie 
in any position above the aquifer. 

ence in principle between wells of this kind and ordinary shallow wells. 

In a sense an artesian system is like an inverted perched water body. 
In the latter, an impermeable mass prevents the descent of downward- 
percolating water. In the artesian system the impermeable mass pre¬ 
vents the upward movement of water under hydrostatic pressure. 

Dakota Artesian System. One of the most important artesian sys¬ 
tems in the United States is the Dakota syst/Om. The aquifer is the 
Dakota sandstone, with a porosity of 10 to 20 per cent and a high 
permeability. It crops out and absorbs water along the flanks of the 
Rocky Mountains, Big Horn Mountains, and Black Hills, and underlies 
large parts of Kansas, Nebraska, the Dakotas, Wyoming, Montana, 
and Saskatchewan. The first well was drilled into this aquifer in 1882; 
since time more than 15,000 have been drilled. The resulting with¬ 
drawal of water has seriously reduced the hydrostatic pressure, and the 
yields of all the wells have diminished, and are still declining, indicating 
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that &a,nattiral supply of water is still being overdrawn, Sotne of the 
States concerned have resorted to legislative action to make cnnserva^ 
tion compulsory. This will hasten the arrival of the time when with¬ 
drawal will balance supply. 

Another important system is the Illinois-Wisconsin system. Here 
there are two aquifers, the Potsdam sandstone and the St. Peter sand¬ 
stone. They crop out in AVisconsin and descend southward, becoming 
gradually less permeable in tliis direction owing to increase in clay 
content. Velocity of percolation in the aquifers has been calculated 
as about one-third mile per year. The beds of partially indurated sand 
that underlie the Atlantic Coastal Plain from Long Island to Texas 
provide artesian systems of considerable local importance. Brooklyn, 
New York, and neighboring Long Island communities derive large sup¬ 
plies from‘such artesian sources. The public water supplies of Mem¬ 
phis, Tennessee, and Houston, Texas, are furnished by artesian flow 
from sandstone aquifers. 

In some districts wells must be bored very deep before artesian water 
is encountered. In Berlin, St. Louis, and Pittsburgh, for example, the* 
necessary depth is about 4000 feet. Along the Atlantic coast, on the 
other hand, most of the artesian wells are only 100 to 300 feet in depth. 
The volume of water developed by some is large; tlie great 12-inch well 
of St. Augustine, Florida, with a depth of 1400 feet, supplies 10,000,000 
gallons a day. 

Although the largest artesian systems are dependent on beds of sand¬ 
stone, smaller but none the less important supplies of confined water 
are derived from lenses of sand and gravel in fans, glacial deposits, and 
other superficial accumulations. 

Artesian Springs. Artesian sybtems operate also where the confined 
ground water has a natural outlet (usually along a fissure) instead of 
a well; the resulting outflows are artesian springs. Such springs have 
more uniform flow and are less aiTccted by droughtKS than are the springs 
of unconfined water illustrated in Figs. 79 and 80, The water is gen¬ 
erally cold, but the w^ater from some deep aquifers, having passed 
through the higher temperatures that prevail at depth (p. 442),, becomes 
hcat^^d. This is probably the explanation of such thermal springs as 
those at Hot Springs, Virginia. In some regions the water, while in 
the rocks, dissolves unusually large amounts of mineral matter and 
gives rise to “mineral springs,'' as at Saratoga, New York; Hot Springs, 
Arkansas; Carlsbad in Czechoslovakia; Bath in England; Wiesbaden 
in Germany; and Vichy in France. Strictly speaking, all springs are 
mineral springs, because all contain mineral matter in solution, but the 
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tenn is applied in general to springs that differ markedly from ordinary 
water in the quantity or character of the mineral matter dissolved. 

Thermal springs include both warm .and hot springs. The latter, to¬ 
gether with gejrsers (intermittently eruptive hot springs), are char¬ 
acteristic of the last dying phase of volcanism. Ordinarily they occur 
in regions of recently extinct volcanoes such as the Yellowstone Park 
district (Chap. 14). 

Springs and Wells in Fractured Rocks. Nearly all igneous and 
metamorphic rocks have small porosity and permeability, and hence 
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Tia. 82. Subsurface water in rock in which circulation is confined chiefly to fractures. 
Arrows show directions of circulation. Water table (dashed line) is controlled by depth 
of master valley. Well (TT) is fed through fractures. Because fractures pinch out down¬ 
ward, the best water supply is obtained from moderate rather than great depbhsi 

the circulation of water in them is restricted largely to cracks. Water 
enters the openings from above and moves down them in the vadose 
zone. In the ground-water zone it is confined, and under hydrostatic 
pressure it moves down or up the joints and fissures, according to local 
conditions (Fig. 82). In places it becomes imprisoned in cracks with 
no outlets; in others it seeps out at the surface. 

As holes put down in rocks of this kind derive appreciable flows of 
water only from fissures, the success of drilling depends largely on 
chance intersection with fissures. One well may furnish an abundant 
yield while another, a few score feet away, may yield only a trickle. 
In general it is unwise to drill deep if a good yield is not forthcoming 
from a moderate depth, because openings of all kinds decrease with 
increasing depth. 

Although the majority of wells producing from fractures in crystal¬ 
line rocks are of the normal type, some are artesian. Few of the latter, 
however, produce without pumping, and their yields are likely to be 
less than yields from rocks of other kinds. In consequence cities sit¬ 
uated in areas of igneous and metamorphic rocks usually have to rely 


SUB^KFACB WATER 


m 


on surface w»ter (in many cases artificially constructed reservoirs) for 
fheir'public stii^lies. New York, the New England, cities, Dublin, and 
Vienna are examples. 


PoLLtmON AND SANITATION 

The most common source of contamination of water in springs and 
wells is sewage, and the infection most commonly communicated by 



Fig. 83. ContuinLnation of wells. The shallow dug well A was unwisely loofttod down- 
slope from a cesspool and thoiefore rt^eeived contaiiiinated drainage from it. The owner 
then drilled a deeper well at B. This w'ell lapped layers of soluble limestone inclined 
toward it from the direction of the lower cesspool C*. I'ho water dissolved openings in 
the limestone and flowed, unpurihed by slow percolation* to where it was drawn out through 
well B. The owner of the two wells will have either to relocate his cesspool or to dig a 
sliallow well somewhere near B. 


polluted water is typhoid. Drainage from cesspools, broken feewers^ 
privies, and pigpens percolates readily into the ground and contami¬ 
nates the subsurface water. Although slow percolation through the 
ground purifies contaminated water, the imrification process requires 
percolation through 100 or 200 feet at least, and in many cases very 
much more. Hence shallow wells must be located carefully with regard 
to possible sources of pollution, and even deep wells must be cased or 
otherwise scaled near their heads where there is danger of contaminated 
surface water’s leaking into them (Fig. 83). 


Geologic Wohk of Sotsubfacb Water 

SUBSURFACE WATiai AS A SOLVENT 

Subsurface water, like surface water, efifccts hydraulic action, abra¬ 
sion, solution, transjjort, and deposition. However, its hydraulic, action 
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md abrasiqzi are effective only in the restricted localities where there 
are underground streams (p. 136). As the chief factor in adding tq the 
weight and mobility of mantle on slopes^ it is an important mechanical 
element in the processes of mass-wasting (Chap. 4). But the greatest 
work of subsurface water lies in solution, transport of the dissolved sub¬ 
stances, and deposition by precipitation. So widespread are these ac¬ 
tivities that the soluble mineral matter in the rocks of the continents is 
being slowly eaten away and delivered to the streams by the subsurface 
water. Containing oxygen, carbon dioxide, and acids acquired during 
its descent below ground, the water is an efficient solvent. It dissolves 
the cementing substances between the grains of resistant sandstone, 
causing the rock to break down into loose sand. It decomposes the feld¬ 
spars and iron-bearing minerals in igneous rocks, destroying the inter¬ 
locking-crystalline texture of the rock and making it crumble away. 
Thus it is the chief factor in the chemical weathering of rocks (Chap. 3). 

Some of the dissolved matter is. reprecipitated below ground, as de¬ 
tailed in the following discussion. Another part is carried off by 
Streams and junired into saline lakes and the sea. By evaporation of 
the lakes it is pirecipitated as salts of various kinds, but a large part of 
the dissolved matter carried to the sea has remained in solution, mak¬ 
ing the sea more salty year by year. In certain parts of the sea calcium 
carbonate is precipitated from solution to form beds of limestone (p. 
258). The substances precipitated, whether in the sea, in lakes, or 
below ground, help to build up new rocks which in the course of time 
arc dissolved again, 

MINERAL DEPOSITS 

b 

The most important causes of precipitation of mineral matter from 
solution in subsurface water are (1) evaporation, at the surface, in 
caverns, and in minute pores, (2) loss of carbon dioxide, (3) reduction 
of temperature, (4) reduction of pressure, (5) chemical reaction be¬ 
tween the mineralized water and the rock through which it is passing, 
and (6) action of minute plants (algae). 

Deposits in Pores: Cementation. Percolating water precipitates 
mineral matter in the pores of rocks and mantle, thus reducing the 
porosities of rocks and gradually converting loose and unconsolidated 
sediments into sedimentary rocks (Chap. 12). Calcite, silica, iron com¬ 
pounds, and other substances dissolved from the, rocks at and near the 
surface are carried away and precipitated as a cement at lower levels 
and in other regions. 

Deposits in Larger Openings. Open spaces larger than pores are 
very commonly filled with mineral matter precipitated from solution 



SUBSUBFAC^ WATSfi 


m 


in suteurface water, \iBually below the water table. A cavity filled with 
cryetala (such as quartz or calcite), with the cryetak pointiayg inward 
toward the center of the cavity and only partly filling it, is called a 
geode (Fig. 84). Concentric deiiosits of amorphous silica occur in a 
similar manner. One explanation of such features is that cavities 
formed by solution are filled at a later time, owing to a change in 



WardPa Natwni Snmee Saltdithahmifnt. 

Fiu 84 Geodo, roBultuig frniii the partial SUiiig of a cavity with f*ryBtHl8 of quarts 
Krosion hoa removed the inclosins ronk (a limestone m southwestern Illinois), but the 
resistant quartz that lines the cavity has remained This geode (actual diameters 4^x8 
inches) has liceii broken opicn to show its interior 

physical-rhcmiral conditions, with mineral gubhtanees preeipitaU'd 
from Bubpiirface water. 

Deposits in Caverns. Precipitation by subsurface water is most 
clearly evident in the deposits of calcite in the form of dripstone, with 
whieh many caverns are ornamented Dripstone is formed only in 
caverns that are above the Avater table and are therefore filled with air. 
Vadose water charged with calcium carbonate percolates downward 
from the surface of the ground to the roof of a cavern, where, clinging 
to the ceiling, it forms droplets. It evaporates a little, loses some 
carbon dioxide, and therefore deposits some calcium carbonate. Then, 
as more water is added from above, it falls to the floor below, where 
more of it evaporates, leaving another minute deposit. As the drops 
slowly succeed each other, long “icicles” of calcite (stalactites) grow 
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downward from the roof, while broader accumulations (stalagmites) 
grow upward from the floor. If tlie process goes on long enough, each 
pair coalesces and forms a column. Dripstone likewise develops in 
irregular sheets on roof and floor, and assumes many fantastic shapes 
curious to the cavern visitor, but all these deposits are formed in this 
way (Fig. 85). 



W. T Lee, U. S Qedoouud Sunw]/. 

Fig. 85 One of the “rouinA” in C'aiLsbud C^avern, Now Mexico, lowing dripstone 
deposits. Stalactites are funmng at points where water cmeiges along cracks in the roof, 
broad-baBod stalagmites are giowing upward, and some stalartite-stulaginite pairs have 
grown together to form massive columns. 


Replacement. In some places the water dissolves matter already 
present and concurrently deposits an effual volume of another sub¬ 
stance that it was carrying in solution. In this way a tree trunk buried 
below the w'ater table may become slowly converted into petrified wood 
(Fig. 86) by the dissolving of its woody matter and the simultaneous 
deposition of silica. The tact that such replacements take place vol¬ 
ume for volume is shown by the amazingly complete preservation of 
the line texture of the original Many ore bodies owe their 

origin to replacement processes (p/|i82). 

Concretions. The capacity of subsurface water to dissolve and 
redeposit is well illustrated by the formation of certain types of con^ 
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cretions —pcldly shaped nodules tliat occur in sechmentary rocks. These 
forms, gradually built by precipitation around definite nuclei, are de* 
sciibed on page 274. 

Spring O^osits. Confined water rising from deep sources contains 
mineral matter in solution, and, emerging as springs (Usually thermal), 
it precipitates some of the dissolved substances. A m ong the faction 
causing precipitation arc relief of-i>res8ure, evaporation, and the action 
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Fio. 86. Tree trunks petrified by replaoeinent while buried m volcanie asli and lava 
flowE, in the poBitioiis in which they grew. The petrified tiunks have Biiice been exposed 
aa a result of eroMion of the inrlosing volcanic material. 


uf minute organisms in the water. The substance most commonly de¬ 
posited by springs is calcium carbonate, because it is the most soluble 
of the common rock-making substances, The physical character of 
the deposit depends chiefly on the rate of deposition. Deposits formed 
by slow evaporation are firm and compact. The dripstones formed in 
caverns are of this type. Calcium carbonate formed by rapid deposi¬ 
tion from thermal springs, on the other hand, is likely to be porous 
and spongy. This less compact material is travertine. It is precipi¬ 
tated in mounds and terraces, some of which have picturesque forms. 
The terraces at Mammoth Hot Springs, in Yellowstone Park, are a well- 
known example. 

Other mineral substances are deposited in the same way. Even silica, 
ordinarily difScuIt to dis.solve, is precipitated by some thermal springs. 
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as in Yellowstone Park, forming siliceous sinter, Limonite, iron car¬ 
bonate, sulphur, and gypsum are otlier substances deposited by springs. 

SOLUTION IN CARBONATE BOCKS 

Limestone (calcium carbonate), dolomite {calcium-magnesium car¬ 
bonate) , and marble (a soluble metamorphic rock of similar composi¬ 
tion) constitute a group of carbonate rocks that underlie many millions 
of square miles of the Earth's surface. They are soluble in water 
charged with carbon dioxide (p. 33), and therefore in moist regions 



Fio. 87. Stylolite »eain in Indiana limestone. The seam lies parallel with the stratih- 
eation of the rock. The rock faoo on which the scam appears has been artificially cut. 
Length of seam, 12 inches. 


these rocks are vigorously attacked by subsurface water with striking 
results, 

Stylolites. The impoi'tancc of solution in destroying carbonate rocks 
under favorable climatic conditions is shown by stylolites^ which con¬ 
sist of a scries of interlocking small columns of rock, intertoot hed like 
the bristles of two hair brushes forced together. As the rows of 
columns lie in more or less horizontal belts, they appear on vertical 
faces of rock as zigzag lines {stylolite seams, Fig. 87). The way in 
which stylolites form is not fully understood. They may be the result 
of irregular solution, under pressure, at surfaces that separate two beds 
of soluble rock. Again, they may result from the differential compac¬ 
tion of the limy sediment during the slow process of its conversion into 
solid rock. General solution in the zone of weathering results in the 
more rapid lowering of the ground Surface on carbonate rocks than on 
adjacent less soluble rocks. Some lowlands in moist regions have 
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been made in this way. Oarbonate rocks, however, are lees subject to 
reduction* by mechanical processes than are many other kinds of rocks. 
In consequence, in arid redone, where solution is at a minimum, car¬ 
bonate rocks form cliffs and mountains that stand out conspicuouhly 
(p. 41). i , 

l^nks. In compact, well-stratified, and strongly jointed carbonate 
rocks, the avenues of easiest descent for vadose water are vertical joints 



Fin. 88. Devciltopment of a fuiiuol sink in compact, jointed limestone overlain by a thin 
residual mantle of insoluble wcatliered material covered with sod^ The water table lies 
approximately at the base of the block. Length of front of block, 150 feet. 

A, enlargement of a vertical joint by solution. irregular widening of the enlarged 
joint chiefly by solution along stratification planes. C, continued enlargement, most 
effective near the surface where the solvent capacity of the descending water is greatest. 
JD, collapse of the insoluble mantle, forming a funnel sink. 


and planes of stratification. Those avenues most favorably situated 
with respect to supply from above and free circulation below are read¬ 
ily enlarged by solution as the descending water passes through them. 
Enlargement is most effective at the surface, where the water moves 
most rapidly and where it is freshly charged with carbon dioxide from 
the atmosphere and from decaying vegetation, and decreases rapidly 
downward. In consequence, the point of intersection of two joints 
near the surface becomes a funnel-shaped depression. As the depres¬ 
sion widens, the overlying mat of insoluble mantle and vegetation col¬ 
lapses into it, and a sink is formed (Fig. 88). 
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Probably the majority of sinks are of this (funnel) type, exeavated 
above the water table. Not uncommonly they form definite patterns 
on the surface, controlled by the structural planes along which they 



Fia. $9. Development of a amk of ir¬ 
regular shape through c Japao of a i 
roof. The water tal le lie approxi¬ 
mately at the base of block. 

A, formation of a sn ‘avern in the 
more soluble strata of s esioiie series. 
B, enlargement of the cave and devel¬ 
opment of dripstone deposits in the form 
of stalactites and stalagmtea. col¬ 
lapse of the cavern roof, foriciiig an irregu¬ 
lar sink. The debris of the roof litters the 
sink floor. 


develop. They range in size from 
small openings only a few inches in 
diameter to great depressions hun¬ 
dreds of feet wide. Many are re¬ 
markably symmetrical, whereas 
others exhibit irregularities result¬ 
ing from differences in the composi¬ 
tion and structure of the rocks. 

Another type of sink forms in 
massive, permeable carbonate rocks 
little affected by definite planes of 
weakness. Under these conditions 
solution is less sharply localized 
and occurs irregularly throughout 
considerable volumes of rock, prob¬ 
ably both above and below the 
water table. Solution cavities of 
irregular shape are gradually exca¬ 
vated (Fig. 89) and enlarged. 
Eventually their unsupfx)rted roofs 
collapse, forming great depressions 
in the surface. Tliese, like the 
funnel-slia])ed forms, are termed 
sinks, but differ frojn them in their 
asymmetry, in the debris of the 
collapsed roofs with which their 
floors arc strewn, and in a sagging 
of the beds of rock around their 
rims, testifying further to the fail¬ 
ure of their roofs. Some sinks of 
this type are very large. One near 
Mammoth Cave, Kentucky, is said 
to have an area of 5 square miles. 
Probably this size has been at¬ 


tained by the coalesccnoc of a number of adjacent caverns or sinks. 


Sinks excavated below the water table usually contain lakes that 


persist as long as the water table is not lowered below the floors of the 


sinks. Most of the small lakes of northern Florida are of this kind. 










SLTBStJRFACE WATER m 

On the other band, the funnel sinks, ha^nn^; been excavated above the 
water tabla, di ain downward through openings in tlieir floors and there¬ 
fore are usually dry. Tlie outlets of some, however, are clogged by 
clay, humus, and other insoluble matter washed into them, allowing the 
development of small lakes whose levels are above the water table and 
are independent of it. In some sinks the water leaks away slowly; in 
others the insoluble stopper is suddenly broken through and the lake 
disappears witli a rush. 



I. D» 


Fio. 90. Sink in liincstouo near Sunkrn Ifake, Presque Isle County, Micbii^n. 

Caverns. Caverns of many shapes and sizes occur in carbonate 
rocks in all parts of tlic wtirld. Notable among them are the caverns 
of the liinest-one dia-tricts of Kentucky, Tennessee, and southern In¬ 
diana, the Shenandoah Valley in Virginia, northern Florida, Cuba, 
Yucatan, parts of the Fliilippine.s and Indo-China, the Karst region in 
Yugoslavia, and tlie Gausses of soutliern France. Although most 
caverns are of smiill size, there arc notable exceptions. The Carlsbad 
Caverns in southeastern New Mexico (Fig. 85) extend down to a depth 
of more than 1300 feet and include one chamber 4000 feet long, C25 
feet wide, and 350 feet high. A single i)a8sage in Mammoth Cave, 
Kentucky, is .said to he more than 8 miles in length, and individual 
chambers reacJi heights of 80 feet and widths of 250 feet. Certain 
vertical shafts in the Gausses of southern France are more than ,‘iOO 
feet deep. Some caverns arc linked up in connecting networks of gal¬ 
leries and shafts underlying areas of many square miles. Maminotli 
Cave has 30 miles of continuous passages. 
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The only true underground streams occur in cavern systems. Else¬ 
where the flow of subsurface water is chiefly by slow percolation 
through the rocks. Some cavern, streams liave considerable discharge, 
have 'Widened their subterranean conduits somewhat by abrasion, and 
have deix)sited thin layers of clay on their flours. Such mechanical 
erosion and deposition, however, are insignificant in comparison with 
the solution and precipitation that have chiefly fashioned the caverns. 

Some caverns are empty, whereas others are ornamented with drip¬ 
stone. The latter record a change from conditions favoring solution to 
conditions favoring precipitation. Probably the reason for this change 
is twofold: (1) Some caverns were excavated below the water table, 
and, later, as the water table subsided during dissection of the land, 
they'were drained and thereby made ready for replenishment witli drip¬ 
stone by vadose water. (2) Other caverns, however, appear to have 
been excavated above the water table and replenished with dripstone 
shortly afterward, or even while excavation was still in progress, by 
vadose W’ater 'a hicli was evaporating and losing carbon dioxide during 
the process of dripping. 

Caverns and underground streams in the vadose zone are closely 
related to the regional system of surface streams. The underground 
streams, through the medium of the water table, are cnnti’olled verti¬ 
cally by the profiles of the master surface streams, fluctuate with the 
seasons, and gradually dissolve out caverns deeper beneath the surface, 
as the surface streams deepen their valley floors throughout the fluvial 
cycle. 

Many “caves” are merely rock shelters in cliffs. They are generally 
made by differential weathering at the surface and are not true caverns. 
In past times, both rock shelters and caverns riften served as refuges 
for primitive man and as the dens of animals iiow^ extinct Because of 
this the bones of men and animals, stone implements, and other obji'cts 
have accumulated in them and have been sealed up beneath deposits 
of calcium carbonate and other substances slowly accumulating on 
their floors. Relics of this kind, especially in certain parts of Europe, 
have revealeil much conceniing the life and culture of preliistoric times. 

Solution Valleys. The growth of a series of closely spaceil sinks 
ronnected by a subterranean stream channel (Fig. 93) leaves a series 
of unreduced areas between the sinks. Enlargement t)f the sinks nar¬ 
rows rile areas between them and reduces them to natural bridges, like 
the famous Natural Bridgci near Lexington, Virginia, 150 feet higli. As 
the bridges are undennined, an open valley'la formed. Although they 
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may have a genenU resemblance to vallevo j u 

streams, these solution, valleys are n^man,- JV **y surface 

width, by their 

smke, by natural bridges that may still *lpan 

i-thSrrs: 

va^ys are so'^^mSius^ha^They 

raphy with many surface depressions, unsystematic drain^ patt^' 
and disappearing stmams. This type of landscape has l^en telmed 

repon of Italy and Yugoslavia. It is developed also in such 
n*rth oential Tennessee, Kentucky, and southern Indiana, 

northern Florida, Cuba, Yucatan, and the Gausses of southern France 

sortin' « Carbonate Rocks. The evolution of the 

surface through solvent erosion involves a cycle parallel with the cycle 
of erosion by mass-wasting and surface streams. The following de¬ 
scription of an ideal cycle is based on the assumption that the effective 
solvent action occurs above the water table. 


Initml Stage. Assume a region underlain by thick horizontal beds 
of compact, strongly jointed limestone resting upon impermeable shale, 
both limestone and shale lying well above scalcvcl. The limestone has 
been protected by a thin impermeable capping such as well-cernented 
sandstone, which, however, is now stripped away at two or three points, 
laying bare the limestone surface. The region is drained by surface 
streams, and the water table stands at a considerable depth below the 
surface (Fig. 91). 


Youth. At those points where jointed limestone is exposed at the 
surface, sinks of the funnel type begin to develop (Fig. 92). The water 
from them finds its way along a network of joints and stratification 
planes to one of the major valleys, where it reappears at Ihe surface. 

The water draining downward from the funnel sinks finds its way 
along joints, enlarging them by solution into vertical shafts. At some 
levels it moves laterally along stratification planes, enlarging them into 
horizontal galleries. In this way a network of shafts and galleries ip 
formed, whose development is limited downward by the water table. 
One by one the surface streams are diverted into this network, forming 
subterranean streams, which widen the galleries somewhat by abrasion. 
The galleries are enlarged into big caverns in the places where solution 


IB most rapid, and the roofs of some of the higher caverns collapse, 
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fikrming irregular sinks. The gradual formation of closely spaced sinks 
leading down into galleries lea^'es natural bridges, which collapse one 
by one, converting the rows of sinks into solution valleys (Figs. 92, 93). 

Maturity. The stage of maturity is reached when subsurface drain¬ 
age begins to exceed surface drainage and the greater part of the initial 
surface has*been destroyed by the growing sinks and solution valleys, 


92 


94 

Figs. 91-94. An nlual cm'Ic of erosion in soluble rocks. Dashed line » w^utci table. 

Area abown, about square mile 

P"ia, 91. Initial stage. An area underlain by jointed limestone and drained by surface 
streams. 

Fig. 92. Stage of youth. Formation of funnel sinks, looiUng part of the surface drain¬ 
age underground. 

P'lG. 93. Stage of matiujty karst topography. Formation of raveins and additional 
smks, some of which coalesce and form solution valleys. The greater part of I he drainage 
18 now underground. 

P'lu. 94. Stage of old age. Most of the liiiiostoiie has been removed by solution, leavmg 
only a few residuals reseinblmg monadnocks. The drainage has worked down to the 
surface of the shale. From tliis time onward the area will be eroded still further through a 
fluvial cycle. • 



fonning karst topography. Below the surface the limestone is honey¬ 
combed with caverns. One after another the streams flowing through 
higher galleries are tapped and led down into lower ones, as the sub¬ 
terranean streams gradually work down to the water table and merge 
with the ground water. But with the diversion of the streams from the 
highest caverns and galleries, the air in them becomes dry enough to 
permit evaporation of the water dripping from their ceilings, and the 
deposition of dripstone goes forward, encroaching downward level by 
level as successively lower caverns lose their streams. 

Old Age. As the last remnants of the initial surface are dissolved, 
and the caverns partly filled with dripstone are destroyed by successive 
cave-ins, maturity merges imperceptibly intp old age. The surface 
is now a wilderness of irregular ridges and mdunds separated by sinks 
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(uOTodfed caverns) aad fiolutioa valleys, dry with the exception of those 
which, reach down to the top of the underlying shale. More caverns 
collapse, einka continue to enlarge, and bit by bit the surface is miuced 
to the surface of the shale. As the last caverns are unroofed, the debris 
is gradually dissolved and the insoluble residue is washed away by the 
streams which, formerly draining the now vanished caverns, have be¬ 
come well developed on the surface of the shale (Fig. 94). The cycle 
approaches its close. The shale beneath the limestone is laid bare over 
much of the region, but here and there isolated monadnocks of lime¬ 
stone, honeycombed with cavities, remain as witnesses to the nearly 
complete destruction of the thick strata of which they once formed a 
part. 

Cycles of this kind are usually confined to much more restricted areas 
than are fluvial cycles, because they depend on rock composition, and 
therefore arc limited to areas of soluble strata controlled by specialized 
conditions. Within certain areas, such as parts of Kentucky, Indiana, 
France, Italy, and Yugoslavia, cycles somewhat similar to the one 
described are in progress, although none of them has yet attained the 
stage of old age. 

READING REFERENCES 

GHOUWW-IJVATER HYDBGLOOY 

1. Ground Water; by C. F. Tolinan. 593 pages. McGraw-Hill Book Co., 1937, 
The moBt piiiuplete anrt up-to-ilHtt* g»*iieriil uurk yet jiiibliHheU. Well illuatnUed. 

2. A Piartiral Handbook of Water Supply; by Frank Dixey. 571 pagt'H. 
Thomas Muvby & Co., London, 1931. 

A good text, emiUiaHizlng pnietieal pnibleniH. 

3. Thn Offurrence of Ground Water in tlie United Stales, with a Diseiission of 
Principles; by O. E. Meinzer. 321 pages. U. S. Geological Sur\7‘3’, Water-Supply 
Paper 489, 1923. 

Aceuratr and autlioritatlve dlHonsslon r»f priuclples. ihe kindn nf rock and their waler- 
bearing properties, the influence of rock strurtiire on subsurfne-e water, and the chief 
aquifers of the United States. 

4. Outline of Ground-Water Hydrology, with Definitions, by O. E. Meinzer. 71 
pages. IT. S. Geologieal Survey, Water-Supply Paper 494, 1923. 

A good supplement to the preceding title. 

5. The Requisite and Qualifying Conditions of Artcaian Wells; by T. C* Cham¬ 
berlin. U. S. Geological Survey, Fifth Annual Report*, pp. 125-173, 1885. 

A full and clear statement of the principles of artesian systems 

6. The Conserv'ation of Artesian Water; by H. E, Simpson 22 pages. North 
Dakota Geological Survey, Bulletin 5,1926. 

The history of a part of the DakoU artesian system, and the legislative methods 
adopted to combat depletion. 



140 


PHYSICAL GEOLOGY 


7. Underficrouiid Water for Farm Use; by M. L. Fuller. 58 pages. U. S. Geo¬ 
logical Survey, Water-Supply Paper 225, 1010. 

A Doutecfanlcal acreunt of the prohlem of domeBtlc water supply with special emphasis 
on the loeatiun and construction of wells. 

8. Underground Water Resources of Connecticut; by H. E. Gregory; with A 
Study of the Occurrence of Water in Crystalline Rocks; by E. E. Ellis. 200 pages. 
U. S. Geological Survey, Water-Supply Paper 232, 1909. 

A full illMCussion of subsurface water in Assured crystalline rocks. 

9. The Divining Rod, a Histoiy of Water Witching; by A. J. Ellis. 59 pages. 
U. S. Geological Survey, Water-Supply Paper 416,1917. 

10. Ground Water in the United States, a Summary of Ground-Water Condi¬ 
tions and Resources, Utilization of Water from Wells and Springs . . . ; by O. E. 
Meinzer, U. S. Geological Survey, Water-Supply Paper 836, pp. 157-232, 1939. 

CAVERNS 

11. Celebrated American Caverns; by H- C. Hovey. 228 pages. Robert Clarke 
& Co., Cincinnati, 1896. 

A colorful account, written In popular style. 

12. The Geology and Physiography of the Mammoth Cave National Park; by 
A. K. Lobeck. Kentucky Geological Surv'ey, Series 6, Vol. 31, pp. 327-399, 1929. 

A readable and well-IllitHtrated account of one of Ihe most famous eiivern ss'HtcniB in 
the world. 

* » 

13. Soil Erosion in the Karst Lands of Kentucky; by S. N. Dicken and H. B. 
Brown, Jr. 62 pages. U. S. Department of Agriculture, Soil Conservation Sen’i^e. 
Circular 490,1938. 

14. (fl) Origin of Limestone Caverns; by W. M. Davis. Bulletin of the Geo¬ 
logical Society of America, Vol, 41, pp. 475-628, 1930. 

(b) Vadosc and Phreatic Features of Limestone Caverns; by J Harlen BreU 
Journal of Geology, Vol. 50, pp. 675-^11,1942. 

A pair of profesBionnl papers giving ihe results nf recent tlioughf regarding the con¬ 
ditions of origin of solution systems in carbonate rocks. They should be read as a pair. 



Chapter 8 

lakFaS and swamps 

Lakes 

In spite of the ceaseless effort of streams and mass-wasting to grade 
the land to continuous slopes, there are at work other processes that 
produce natural basins. Many of these basins contain lakes. As in¬ 
land bodies of standi^jg water, lakes have a large range in sisc, from the 
smallest pond up to Lake Superior, the world’s largest freshwater lake, 
and the Caspian "Sea,” the largest saline lake. The great majority of 
lakes lie above sealevel; some, including all coastal lagoons, are at 
sealevel; a few, like the Salton “Sea” and the Dead “Sea,” are below 
sealevel. Lakes occur in all parts of the world, but, as a large number 
of them are direct results of glaciation, there are more lakes in high 
latitudes and at high altitudes than elsewhere. 

Basin Making and Basin Destruction. A basin of any kind in tlie 
surface of the land is a vulnerable thing. No sooner is it fonued than 
the agents of gradation, especially streams, start to destroy it. Valleys 
grow headward toward it to breach it; sediments are deposited in it 
to fill it up. Sooner or later every basin is effaced in these ways, and 
basins would be few indeed if new ones were not constantly being made. 
A contest between basin making and basin destruction is always in 
progress on all the lands. 

During their existence, however, lakes are effective in modifying local 
climates by increasing atmospheric moisture and by cooling the air in 
summer and warming it in winter. Lakes of all sizes are very im¬ 
portant as regulators of stream flow, acting as storage reservoirs and 
minimizing floods in lower regions to which tliey are tributary. They 
act as settling basins for stream sediments, delaying temporarily tlie 
erosion of the lands. Most of the streams tributary to Lake Erie are 
well loaded with mud, but the clarity of the water that spills out of the 
lake over Niagara Falls bears testimony to the amount of material that 
is dropped upon the lake floor. 


HI 



142 


PHYSICAL GEOLOGY 


ORIGIN OF LAKE BASINS 

BRsm-making procei^s are-in progress in many parts of the conti¬ 
nents, resulting in the formation of new depressions. In moist regions 
these basins catch water and form lakes; in many arid regions, however, 
they remain dry through much of the year. Nearly every major geo¬ 
logic process makes basins in one way or another. 

Basins Formed by Crustal Movements. Such basins have existed 
at many times during the Earth’s history, and many of them have been 
large. Great lake-bearing depressions caused by fracturing and dis¬ 
location of the crust {faulting, p. 373) are more common than those 
caused by bending of the rocks. The 4000-mile chain of valleys and 
lakes that includes the River Jordan, the Dead Sea, the upper Nile, 
and the African lakes, such as Tanganyika and Nyassa; was formed by 
the sinking down of narrow blocks of the crust between high ste»3?> 
walls. These great “rift valleys” contain more than 30 lakes, several 
of which are notably large and deep. Lake Tanganyika is 5100 feet 
deep, and since its surface is only 2500 feet above sealevel its bottom 
is 2600 feet below. Lake Baykal in north-central Asia, 5600 feet deep, 
the Flatten See in Hungary, the Warner Lakes in Oregon, and some of 
tlie larger lakes of southern Sweden likewise ciwe their basins to dis¬ 
placements of blocks of the crust along fractures. 

Slow bending of the crust may create new basins directly. It may 
rejuvenate a stream by increasing its gradient; on the other hand, bend¬ 
ing against the direction of stream flow may pond the stream. Two 
rivers near the source of the Nile in East Africa have.been ponded in 
this way. The Kafu River has been converted into Lake Kyoga whose 
main part is 140 miles long, while the Katonga River has been ponded 
to form Lake Victoria 260 miles long. 

Some structural basins have been formed within human history in 
connection with earthquakes. In 1811 an earthquake shook the lower 
Mississippi Valley, and in western Tennessee the local sinking of the 
ground which accompanied it caused such changes in the surface that 
several new lakes came into existence. 

Basins Formed by Streams. Streams form basins both by erosion 
and by deposition. Shallow lakes {oxbow ldke», p. 102) are left in 
meanders abandoned by the cutoff process and in abandoned temporary 
channels excavated during times of flood {slough lakes). Some of the 
depressions formed between natural levees and the outer margins of 
floodplains contain lakes such a|'Lake Maurepas above New Orleans. 
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Other baaiha are formed where tributariee build deposits across the 
valleys of larger streams. In tiids way Lake P^in was formed vdien 
a 20-nile streteh of the Mississi]^, 60 miles below’ St. Paul, Minnesota, 
was dammed by deposits built into it by the tributary Chippewa Rivet. 
In some places this situation is reversed; the mahi stream aggrades its 
valley floor so rapidly that its tributaries, aggrading less rapidly, are 
ponded. The several lakes in Spokane Valley in northern Idaho and 
eastern Washington are of this kind. 

Streams flowing over vertically jointed rocks such as coliunnar lava 
flows (p. 372) are likely to accomplish more quarrying than abrasion, 
and many small basins are thereby made. Many of the small basins, 
some of them containing lakes, on the Columbia Plateau in eastern 
Washington are of this kind, although a few, such as those of the lakes 
at Dry Falls in the Grand Coulee, are plunge basins (Fig. 41,.p. 84) 
excavated at the bases of falls now extinct. 

Basins of Marine Origin. Along many coasts, waves and longshore 
currents are able to build up bars offshore, converting the sheltered 
water back of them into lagoons (p. 237). There are long chains of 
these lagoons along the Atlantic coast of the United States from New 
York to Florida. An area newly uplifted from beneath the sea com¬ 
monly contains shallow depressions inherited from the sea floor. Some 
of the Florida lakes are believed to be of this kind, among them Lake 
Apopka near Orlando. 

Some lakes are cut-off arms of the sea. The Caspian “Sea” was iso¬ 
lated from the sea by upwarping of the land. 

Solution Basins. Small lakes occur by the hundreds in sinks in ex¬ 
tensive limestone regions such as those in Kentucky and Indiana, cen¬ 
tral Florida, Yucatan, and Yugoslavia (Chap. 7). Ordinarily the sinks 
that contain water are those whose bottoms lie below the water table, 
or whose outlets are clogged with the insoluble residue left after solution 
of the limestone. 

Basins. Most existing lakes are the direct result of glaciation 
(Chap. 9). It is a striking fact th at most of the lakes of North America 
and Europe are concentrated within areas recently glaciated, ^me of 
these lakes occupy depressions made by glacial erosion (Fig. ). 
Others occupy parts of valleys blocked by irregular glacial de^site. 
The basins of most of the Great Lakes in North America are believed 
to be former large stream valleys that were deepened by glacial erosm 
and somewhat altered by glacial deposition and broad warping of the 
crust during the glacial ages. 



ALAIKAK ABAIAL SURVEY, U. S. NAVY. 

Fig, 95• Lakes occupying basins txcavated by glacial erorion. Anntttt Island^ 
Alaska, 


Wind-formed Basins^ Basins of considerable size are known to 
have been formed by the wind picking up and blowing away fine 
material such as that in beds of clay and shale (p. 202). But, since 
these basins are excavated only in dry regions, they rarely contain 
lakes except temporarily after infrequent heavy falls of rain. In some 
places, the depressions between sand dunes contain shallow ponds and 
swamps. 

Volcanic Basins. Lava flows in regions where streams have already 
cut valleys are likely to make dams across valleys, thus forming lake 
basins. These barriers of lava are eroded with dit&culty because they 
are of resistant rock. Several of the lakes surrounding the volcanic 
cones of Mount Hood in Oregon and Mount St. Helens in Washington 
are of this type. 

tn some volcanic regions there are lakes in the craters themselves. 
Crater Lake (Fig. 210) in southwestern Oregon, more than 5 miles in 
diameter, occupies a large caldera (p. 318). Although the lake is 2000 
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Ficie. {Hh 98. Stages in the (ubtory of a typical lake. Blork alioni 6 miles long. 

Fig. 96. Stream aystem dairiminl by gentle Ufiwarp arrcMs the upper Tight^-hand eomer 
of the block, ffirraing a shallow lake with outlet acrosK the upwarp The streams begin to 
build deltas into the lake, and the shoreline is somewhat wave eroded. 

Fio. 97. The growing deltas enlarge and coalesce, gradually fUliiig the Imsin. 

Fio. 98. Downrutting of the outlet eventually drains the lake and allows the streams 
to trench the delta deposits, leaving them as terraces. 


California. A new one was formed at the base of the Gros Ventre 
Range in western Wyoming by a great slide in June, 1925, which 
dammed the Gros Ventre River, making a lake more than 3 miles long. 
For some time the lake discharged by seepage throuf^i the landslide 
debris, but its surface rose gradually until in May, 1927, it overtopi)ed 
the slide that dammed it, and the resulting flood cut a channel 300 
feet -wide through the dam, carried away boulders 15 to 20 feet in 
diametCT, destroyed a village, and drowned a^num,ber of people. This 
flood did not destroy the lake; it merely lowered the lake surface by 
about 60 feet. This resulted from the s^eat width of the dam. Because 










NQRTII DAKOTA AQKICVLTURAL BXPBUMBNT STATION. 

99 > Parf of tht floor of the exfinct glacial Lake Agassiz^ soon from the air 
above Fargo, North Dakota. The lake deposits consist of clay and silt, and cover 
an area several times ffeater than that of Lake Superior. 


of this width the energy of the floodwater that was trenching the dam 
was soon used up in transporting the material eroded from it. Hence 
dowmeutting ceased, and this reduced the flood to the size of a normal 
stream, 

A somewhat similar slide occurred in a canyon near the headwaters 
of the Ganges, in the Himalayas, in 1893. The debris fille<l the canyon 
for 2 miles to a depth of 800 feet and ponded the river 4.0 form a lake 
3 miles long. Several months later the ponded water, having slowly 
risen to the top of the blockade, overflowed, cutting a channel 400 feet 
deep through it and causing a disastrous flood downstream. 

The Bonneville Dam across the Columbia River east of Portland, 
Oregon, occupies very nearly the site of a landslide dam that ponded 
the river'to a depth of 100 feet in the recent past. The remnants of 
the slide, around which the river now detours, are still plainly visible. 

EROSION AND DEPOSITIDN BY LAKES 

Large lakes are affected by waves of considerable size, and these 
w^avte and the currents they generate fashion Ihe same kinds of shore 
features that are found on sea coasts (p. 227). In smaller lakes, how¬ 
ever, deposition is usually predominant over erosion; the smaller and 
shallower the lake and the greater the load of sediment carried by the 
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rt^axn:3 tributaj^ to it; iho rapidly will it be filled up. f’igures 
>6-98 riiow a siuall lake being progreseively filled with sedimefit, and 
hm drained, leaving its deposits to be dissected hy streams. Although 
arge lakes are less likely to be filled up^ deposits may spread over^their 
loors, forming very even surfaces (Fig..9&). When such lakes iffe 
Iraincd, deltas are left high and dry at various points around the mar^. 
pns of the basins. 

Lake Geneva and the Rhoile* Lake Geneva, in tiie W'estem Alps, 
ypifitis an early stage of the filling-up. process. At present 40 miles 
ong, it was formerly 7 miles longer, but each year thp turbid Rhone, 
entering the lake from the east, brings down quantities of sediment from 
.he glaciers at its source and dumps tliis material into the quiet water, 
‘orming a delta tliat fills the upper end of the lake from side to side. 
The water is nearly a thousand feet deep, and the delta is correspond- 
ngly thick, but each year its bank-like front crce])s farther west, and 
n time it w’ill destroy the lake. While this is going on, the water 
.hat spills from the surface of the lake at its lower end is eroding its 
•liaiinel and lowering the lake outlet. As it passes under the many 
iriflgcs of the city of Geneva, the water is clear. Nearly all the sedi- 
jient from the upper Rlume has been either added to the delta or 
Iroppcd upon the bottom during the slow passage of currents down the 
ake, so that the lake acts as a groat settling basin, depriving the lower 
Rhone of tools with which to cut. Although downcutting of the outlet 
s thereby retarded, it can not be stopped. If these processes continue, 
Jie outlet will be cut lower, and the neater level will correspondingly 
Irop, until the lake will be destroyed by this iirooess if it has not already 
3een filled up by the encroaching delta. 

Lake Erie and the Niagara, Dow'noutting of the rim of a large lake 
^asin is more forcibly illustrated by Niagara Falls at the outlet of Lake 
Erie. The water at the brink of the falls is excavating its channel in 
jcd.s of dolomite (Figs. 40, 41). At the same time the falls is retreating 
jpstream at a rate that averages 3.4 feet per year (p. 84). Retreat 
Df the falls is accompanied by decrease in height, because the layers 
jf dolomite dip downward as they are traced upstream. Therefore 
f the falls should continue to migrate up the river to a point opposite 
Buffalo, Lake Erie would be largely drained. Meanwhile, the lake 
s being gradually filled with sediment. 

Density Currents. Water containing suspended mud is sliglitly 
'leavier than clear water. Where a muddy river enters a lake the 
coarser part of its load is deposited on the delta, and the remaining 
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muddy wat€r foms a density current (Fig. 100) that sinks to the 
bottom and flows along it as long as there is a slope. The current has 
distinct boundaries^ like a cloud of dust. In fact it has been described 
as “a’ dust storm under water.” Velocities of density currents Yaiy 
with varying bottom gradients and amounts of mud, but rates as great 
as 2 miles per hour have been measured. In a long lake such a current 
maintains its identity through many scores of miles. Eventually the 
current spreads out and forms a muddy bottom layer from wdiich the 
suspended sediment slowly settles to the lake floor. By the withdrawal, 
through a dam gate, of w^ater from this muddy bottom layer rather than 


1 • 


17. 8. Soil Conservation Service — Calt/omui TnsMute of Tecknclogy. 

Pio. 100. Turbid underflow in a glass lalioratuiy tank. Flow slides down delta slope 
(left), travels along gently sloping floor, and rises against fare of dam (right) The velority 
of most underflows is so small that the current does not climb far up the face of a dam 



from the clearer upper water, the eventual silting up of an artificial 
reservoir can be postponed, and its effective life thereby prolonged. 

SALINE LAKES 

Most of the lakes in eastern North America and western Europe have 
streams or springs flowing into them, and spillway outlets determined 
by the lowest points in the rims of their basins. ‘Owing to the moist 
atmosphere evaporation takes place slowly, and the continuous inflow 
and outflow not only prevent the lake surface from fluctuating greatly 
but also keep the water fresh. 

In arid and semiarid regions, however, where preripitation is slight 
and evaporation great, many lakes fail to rise high enough to spill out 
of their basins; they rise and fall seasonally, and some dry up and 
disappear for months at a time. The desert basins lying between the 
scattered ranges of Nevada, western Utah, southeastern California, and 
Sonora usually contain water {playa lakes. Figs-101,102; p. 113) only 
for short periods after infrequent rains. Wherever evaporation pre¬ 
vents the water from overflowing the rims of these interior basins, the 
substances dissolved in the w^ater become more concentrated, and, after 
sufficient concentration, they are precipitated as salts of various kinds. 
The dissolved matter is, of course^ brought into the lakes by tributary 
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streaoafi, i^ich, in turn, acquired it from suhaurface water (p. 128) 
which dissolved it from the roqks largely during the process of cWiical 
weathering <p. 32). The salts present in a lake therefore reflect the 
chemical composition of the roc^ within the loeal drainage system and 
are strikingly different in differait lakes. Thus some lakes (salt lakes) 
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Figb. 1 Ul-102. EpIiomBrol playni lake in a desert basin. Braun’s Fiaya, fsoulhern Nevada. 

Fiu. 101. (Above) The playa filled with water, forming a sliallow playa lake. 

Eju, 102. (Below) View two weeks later, showing the dry lake bed after the water has 
evaporated. The wind is whipidng up the ^e lako sediments into dust clouds. The dark 
spots are clumps of vegetation. 


when saturated precipitate sodium chloride (common salt). Others 
{hitter lakea) contain sulphates, chiefly sodium sulphate. Still others 
(alkali lakes) contain sodium and potassium carbonates. A small 
group (borax lakes) contain borax and related borate minerals. Some 
lakes contain combinations of these substances. Thus the precifiitates 
from Great Salt Lake include both common salt and sodium sulphate. 
Deposits of all these types occur in desert basins that lie in the dry 
country between the Rocky Mountains and the Sierra Nevada. 

In contrast, the substances dissolved in sea water are derived from 
the rocks of all the lands and are therefore mixed and distributed rather 
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imiformly throujg^out the sea. Ii} consequence, precipitates from sea 
water are distinctive. This fact aids us in distinguishing between lake 
precipitates and marine pi^ipitates that have been buried in the rocks. 

BnCOBDS OF FORMER LAKES 

Lakes Bonneville and Lahontan. Great Salt Lake in Utah is the 
small successor to a water body, I^akc Bonneville, formerly nearly as 



103. Block 376 milos long and 176 miles wide, showing parts of Utah, Nevada, 
and Idaho. Extent of the former Lake Bcmneville, when at its maximum, is shown in 
white. Mountain ranges formed islands and peninsulas in the lake. The outlet through 
which it temporarily overflowed is at the northern end of the former lake. Ruled areas 
ore existing lakes; most of the rest of the floor of the former great lake is desert. Discon¬ 
tinuous abandoned shorelines marking the lake surfaee at various former levds are shown 
flanking some of the mountain ranges. 


large as Lake Michigan (Fig. 103). The record of the nearly vanished 
lake is preserved in wave-cut cliffs, wave-built terraces (Fig. 104), bars, 
beaches, and deltas along the mountain sides as much as a thousand 
feet above the surface of the present lake. The shorelines of the former 
lake occur in several distinct sets, the two highest of which, traced 
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ntffihward^ merge into a broad mountain pass that kads out of the 
basin to the Snake Biver, drainiiig to the Paeifie. Thk pass ^ 
outlet of the lake when its level stood relatively hi^. The lower seta 
of shcwelines, unrelated to outlets, were made at times when evapora¬ 
tion just balanced inflow as the lake dwindled by stages. Fine sedi¬ 
ment and salts now cover the floor of the basin. 



A. E, Qrafiger, Z7, & Qedogieal Survey, 

Fiq. 104. Several shorelines of the former Lake Bonneville on a i^ur of the Wasatch 
Mountains near Salt City, Utah. 


Similarly, Pyramid Lake and its neighbors in Nevada are the suc¬ 
cessors to another great water body, Lake Lahontan, which rivaled in 
size the present Lake Erie. The highest shorelines of Lake Bonneville 
w'cre overridden by valley glaciers descending from the Wasatch Moun¬ 
tains, whereas lower shorelines, fonned during a later stage of the lake, 
partly bury deposits made by the same group of glaciers. These facts 
indicate that the lake had its origin in the glacial ages (p. 189). Lake 
Lahontan and other former lakes in this region—at least 70 in all— 
also date from the glacial ages. That the climate was then more moist 
than now is ob\dous; the subsequent desiccation is clear testimony that 
the climate is now drier. 

Salton Sea. A lake of unusual origin and history is the Salton Sea, 
a shallow saline lake in southeastern California near the Mexican border 
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(Fig. 105). It lies in the Salton basin (a part of it known as the Im¬ 
perial Valley), a closed depression 85 miles long, whose lowest point is 
273 feet below sealevel.* In the recent geologic past tlie floor of this 
basin sank and would now be filled with sea water but for the fact that 
the Colorado River, turbid with silt, discharging into the Gulf of Cali¬ 
fornia near what is now the southern end of the Imperial Valley, had 
built up a combined delta and fan so large that they formed an effective 



Fio. 105. The Salton basin. Blork 200 miles long, showing the head of the Gulf uf 
California, and the Salton Basin separated from it by the oonibined delta and fan of the 
Colorado Hiver. Sealevel contour in the Salton basin is shov^n by thick Ime. Houto of 
the flood of 1907 is indicated. 

dam at the head of the gulf. Like all deltas and fans this one was 
trenched by shifting distributary channels of the river, which dis¬ 
charged vrater sometimes into the gulf and occasionally into the iso¬ 
lated basin, filling it with water. When dry, the basin was kept vir¬ 
tually a desert under the prevailing arid climate. The last natural 
discharge into the basin occurred perhaps 300 to 1000 years ago. By 
1900 the trapped water had dwindled to a small saline lake. By this 
time the fertility of the soil on the river deposits had been recognized, 
tihe basin area was beginning to be settled, and soon afterward an 
irrigation canal was dug from the Colorado River near Yuma to the 
bottom of the basin. Because the floor of the basin is well below the 
baselevel of the river, the gradient of the canal was greater than the 
gradient of the river between its mouth and the head of the canal. The 
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flow of water bto the canal was inadequately controlled by headworks 
designed to be protective. Jn 1905, 1906, and 1907, the Colorado 
repeatedly rose in flood, overtopped the head#orks, poured into thj^ 
canal, and, following the steeper gradient, cut a great trench in some 
places 80 feet deep, swelled the Salton Sea tp many times its former 
size and depth, and flooded the railroad right-of-way for 40 miles. For 
a long time the river resisted all efforts at permanent control, but it 
was finally mastered. The railroad tracks were shifted from 200 feet 
to 150 feet below sealevel as a precaution against possible later floods. 
The Salton Sea began to dwindle as soon as the abnormal supply of 
water was cut off, but now the waste water from irrigation keeps the 
level nearly constant. 

Incidentally, the completion of Hoover Dam and Parker Dam, 
farther up the Colorado, has removed for a long time to come the flood 
hazard along the lower Colorado, because these dams impound part of 
the excess discharge in spring and release it gradually throughout the 
low-water period. A chain of lakes, natural or artificial, along a 
stream’s course thus reduces floods and also furnishes traps for catching 
sediment. In time, however, sedimentation destroys the lakes, sub¬ 
stituting for them a continuously graded stream profile. It is estimated 
that the lake created by Boulder Dam will become completely filled 
with sediment in 200 to 300 years, unless other settling basins are made 
farther upstream. 

Extinct Lake Florissant. In the South Park of Colorado, in the 
district west of Pikes Peak, a stream is flowing through a valley whose 
sides are made of layers of stratified volcanic ash. These layers were 
deposited in a narrow lake and by related streams, and the ash came 
from a then active volcano not far distant. Sifting down through the 
lake water, this sediment protected and preserved the remains of plants 
and animals that lived in and around the lake. The basin gradually 
filled with ash and lava and was then converted into a stream valley. 
From the layers of ash now exposed there have been taken great quan¬ 
tities of fossils, including more than 1000 species of insects, 250 species 
of plants (including numerous trees), and many fishes and birds, all 
representatives of the life of the time during which the lake existed— 
a time that long antedated the glacial ages. The filled-up lake, known 
as Lake Florissant, has thus become a storehouse of great scientific 
value. 

In adjacent regions, particularly in Idaho and Montana, similar 
large former lakes are recorded by their deposits. Yoleanic ash is an 
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impoHant coiustituent ,of most of these deposits, aod the fossils in them 
have furnished much information about the life of former times. 

All the lakes now extinct have been destroyed by draining caused by 
erosion at their outlets, or by filling up of their basins with sediment, 
or by a change to more arid climate. Sooner or later one or more of 
these processes will destroy every lake. It is probable that the past has 
witnessed vast numl>crs of lakes, all traces of which have been de¬ 
stroyed. 

The recognition of former lakes throws an important light upon both 
the climates and the basin-making processes of the past. The examples 
mentioned above show how it is possible to infer a former lake even in 
places where neither w’ater nor closed basin exists any longer. Shore¬ 
lines constitute one type of evidence; another is furnished by deltas 
built at the mouths of tributary streams; still another consistst of the 
deposits spread over the floor of the lake basin, grading out and away 
from the deltas as bottfjmset beds (Fig. 99; p. 89). Ordinarily the 
latter are comparatively fine grained, well sorted according to grain 
size, and parallel bedded (Fig. 181, p. 265), Deposits in a lake that was 
completely filled with sediment, and thus converted into a fluvial plain 
(Fig. 98), grade from fine-grained sediment at the bottom to coarse¬ 
grained sediment at the top, because the gradual shoaling of the water 
extended the effect of the stream currents toward the center of the lake. 


Swamps 

Swamps are areas of saturated ground. Most swamps represent a 
stage intermediate betvreen lakes or ponds and dry land. Many lakes 
in humid regions will in time become sivamps, and many shallow basins 
alternately contain svramps and lakes according to the season. Svramps 
commonly occur in three types of regions, but these regions by no 
means exhaust the possibilities. (1) Coastal plains that are former 
sea floors slightly uplifted. Such swamps are distinguished from tidal 
marshes (described below) and are almost continuous alpng the South 
Atlantic and Gulf coasts of the United States, chief among them being 
the Dismal Swamp in Virginia and North Carolina, and the Everglades 
in southern Florida. It may be that some of these swamps occupy the 
sHckS of former lagoons, uplifted together with the offshore bars by 
which they were shut off from the sea (p. 237). (2) Floodplains and 

deltas with their basins formed by old channels and by natural levees. 
Such areas include much swan^) land. (3) Broad glaciated areaa such 
as the greater part of the Great Lakes region of the United States, east- 
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em Canada,, Ireland, and the Baltic plain of northern Crermany. These 
regions are dotted with swamps, most of them 

After it has been drained, some swamp land has a high agricultural 
value because its high content of humus makes it very fertile. Swamp 
lands in the United States have a combined area greater than the area 
of New England, and with proper draining tlie swamp land in some 
districts could be reclaimed for agriculture without creating difficulties 
elsewhere. In other regions, too much swamp land has already been 
drained (p. 92), thereby creating serious problems in excessive floods 
and excessive silting in streams near by. Each district has its own 
special problems, which should be studied thoroughly before the natural 
conditions of water storage and runoff are interfered with. 

Tidal marshes occur only along coasts, in shallow estuaries and 
lagoons that are alternately submerged and laid bare by tlie tides. 
Their vegetation consists chiefly of certain grasses which grow only 
under such conditions. For this reason the composition of tidal-marsh 
deposits differs markedly from that of freshwater-swamp material. 

Peat. In moist regions the shores of small lakes and small protected 
bays of large lakes support an abundance of aquatic vegetation such 
as pond lilies, water weeds, and rushes. As these plants die, their sub¬ 
stance begins to decay in the water, largely as a result of the activi¬ 
ties of bacteria. During the metabolism of the bacteria, toxic waste 
products are excreted; hence when this waste matter reaches a certain 
concentration in the lake water the bacteria can no lunger exist, further 
bacterial decomposition is prevented, and the partly decomposed matter 
is preserved. This matter is brownish or blackish, has a high carbon 
content, and is known as peat. 

As peat is built up near the shore, newer generations of aquatic plants 
advance toward the center of the lake, and other types of vegetation 
such as mosses encroach over the peaty area that was formerly water. 
In this way the lake, surrounded by concentric belts of different kinds 
of plants, gradually decreases in size until it is obliterated, and a swamp 
or bog floored with a thick accumulation of peat takes its place (Fig. 
106). 

In many countries, especially in Europe, peat is cut from the bogs, 
dried, and used as a domestic fuel. When dried, peat is a dark-brown 
or blackish fibrous substance, very light in weight. In America, peat 
has hitherto been little used because of an abundance of coal and wood. 
Nevertheless the peat resources in swamp lands within the United 
States are enormous and constitute a valuable potential source Of fuel 
for the future. 
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Peat is of special interest to the geologist in that it represents the 
first stage in the transformation of vegetable matter into coal (Chap. 
21). A complete gradation can be traced from peat through lignite, 
bituminous (“soft”) coal, and anthracite (“hard”) coal. If the peat 
bogs of today were left untouched, some of them would in the course of 
time be covered with sediment, the remaining necessary changes would 



Fig. 106. Destiuction of a omall lake by filling with iieat. Vegetation growing from 
the ahores toward the oenter of the lake is gradually filling it up» The accumulating peat 
(black) is fringed by aquatic vegetation, which in turn is beinpenproached upon by serai- 
aquatic plants, mosses, and bushes. 

take place, and the result would be the formation of coal interbedded 
with other sedimentary rocks. 
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GLACIERS AND GLACIATION 

Geologic Role of Glaciers. To anyone who has observed with a 
critical eye the Alps, the Sierra Nevada, or the higher ranges of the 
Rocky Mountains, it is obvious that their pinnacled peaks and tiougli- 
like valleys are unlike those sculptured by streams in lower mountain 
ranges. The trained observer would at once recognize these alpine 
forms as the work of glaciers, even though the glaciers themselves had 
disappeared. A study of the character and behavior of these Mxiking 
and impressive sculptors of the land helps us to understand not only 
the way in which they operate, but also the basis for the universal 
opinion that glaciers have recently extended over vast areas now free 
of ice, altering the landscape, redistributing the mantle, and conspicu¬ 
ously changing the level of the sea. An inquiry into the geologic effects 
of glaciers also enables us to learn much about the climates of the past. 

Types of Glaciers. We can readily distinguish two chief kinds of 
glaciers, on the basis of their form. Most numerous and most familiar 
are valley alacient (Figs. 108,133) which generally flow downward from 
high snowfields through mountain valleys. They are long and narrow, 
like swollen but sluggish streams. Less familiar, because they are now 
mainly confined to high latitudes, are ice sheets {small ones are often 
called ice caps) (Figs. 107, 111). These are very broad (in some cases 
nearly circular) masses of ice lying on surfaces of low relief. Some 
small ice caps are hardly a mile in diameter; in contrast the vast ice 
sheet on the Antarctic Continent has an area of about 5 million square 
miles. 

Structuke, Flow, and Wastage of Glaciebs 

Distribution of Snow. Snow is controlled by climate. In the tropics 
it falls only on the highest mountains and plateaus. In middle latitudes 
it falls on lowlands as well, but disappears in summer. Over many 
parts of the cold polar regions it covers wide areas and remains from 
year to year. Snowfields^ areas of perennial snow, in which summer 
wastage (melting and evaporatiem) fails to remove wintm' snowfall, are 
therefore found only in hi|^ latitudes or at high altitudes. The general 
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lowQr limbaf peremual snow in any region is tiie ngitmal ano^Une, and 
its general position is determined by climate. It rises from near sea* 
level in Polar regions to altitudes of more than 20,000 feet in dry low- 
latitude regions such as the northern Andes and Tibet. Locid differ¬ 
ences of precipitation and wastage also exert sirong effects. If the drier 
side of a mountain happens also to be the side more exposed to sun-i 
shine, the snow limit is much higher there than on the moister, more 
shaded side. 

Controlled by ever-changing combinations of climatic factors, the 
regional snowline in any one place shifts slightly from year to year, and 



Fig. 107. Half of a Hmall, nearly circular glacier of the ioe-cap typo built hy mowloll 
on a fsmooth plateau4ike surface. The mass of snow, and ice has become thick 

enough to acquire motion, the goiioral directions of which are shown by arrows. The ice 
is free to spread outward in all directions. 

over periods of hundreds or thousands of years the shifts, in some moun¬ 
tain districts, amount to hundreds and even thousands of feet. Rise or 
descent of the regional snowline is therefore a useful register of slowly 
changing climate in the region where it occurs. 

Conversion of Snow into Ice, When the snowline in any region 
descends, the glaciers in that region expand, and when the snowline 
rises, the glaciers shrink. This is because the glaciers result frtim the 
piling up and compacting of snow: the more snow, the larger or more 
active the glaciers. Under the influence of moisture and the gentle 
pressure exercised by the weight of new snowfalls, each snowflake is 
consolidated into a little ball of ice, and the resulting mass (n£vi, pro¬ 
nounced “nayvay^’) has the granular texture that we find in the last 
lingering remnants of any snowdrift. If more snowfalls continue to 
add their weight to the mass, part of the air between the granules is 
squeezed out, and the n6v6 gradually becomes compact ice. The ice 
nevertheless betrays its snowflake origin by the fact that it is distinctly 
layered, each layer representing a single snowfall. The planes between 
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Bome of layets are fiiainkled with films of blown dust, making the 
stratification even maite distinct. 

Conversion of Snowfield into Glacier^ When the whole mass, con¬ 
sisting of compact ice at the base, ji€v& in the middle, and fresh snow 
at the top^ has been built up to a critical thickness (usually 100 to 150 
feet) that depends partly on the steepness of the slope on which it is 
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Fiti 108 Siinivfioid with BmAll valley glacier, in a broad niche or basin near the crest 
of a mountain range The ice has become thick enough to flow* but it is free to spread m 
one dirertioiL only—down the vaUoy to which the niche is tributary (Compare Fig 138 ) 
Hence it takes on a tongue-like form 

tn order to reveal a section of the snow and ice, the block has lieeu cut and pulled apart 
around a vertical axis AA The point t is the same on both halves of the block. The 
arrow mdicates the general direction of flow of the ice. 


resting and partly on temperature, it begins to creep gently downhill, 
flowing outward and downward (Figs. 107,108). The creeping or flow¬ 
ing mass is a glacier, and, as long as it continues to receive an adequate 
supply of snow, it will continue to flow. 

The snowfield is not distinctly separated from the flowing (glacier) 
ice. Even the ice in the snowfield is m motion, because the particles 
of fallen snow are imperceptibly transferred downward and outward 
into what is definitely the glacier. 

Character and Flow of Glacier Ice. The flowing movement of the 
glacier is somewhat like that of a viscous fluid like asphalt. Glacier ice, 
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109. Formation of an icoherg hy cahtng at the ttrmttuu of Miks Glacier^ 
mar Cordova, Alaska, in a lake. A few seconds htfm the photograph was taken 
a large block of ice sled off the l$0-foot cliff and started a series of waves. The 
intricately crevassed surface of the glacier has been melted into fantastic shapes. 


however, consists of grains of solid crystalline ice each a fraction of an 
inch (or more) in diameter. As weight is piled upon it, the ice in the 
basal part of the glacier becomes plastic and yields. It is therefore the 
lower part of a glacier that flows; the part near the upper surface, 
having little weight upon it, is nearly or wholly rigid. The rigidity of 
the upper ice is demonstrated by the cracks and crevasses that oom-* 
monly occur in it. These are superficial features and do not descend 
far into the flowing ice beneath. 

Measurements made on the upper surfaces of valley glaciers indicate 
that their flow differs markedly from place to place within the glacier* 
The velocity of flow along the central axis may be many times that 
along the lateral margins. This is chMy because friction is less at the 
center than "t the sirlpa “s in « sfrpatn 
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Wa6tftg«. Wastage is the direct or indirect converskm of ice into 
water or water vapor. It takes place by evaporation, melting, and 
calving. Calving {the breaking off of pieces of ice, usually as icebergs) 
occurs commonly only at the glacier’s terminus and is general only in 
high latitudes (Fig. 109)« Evaporation and melting, however, affect 
the entire surface from snowfield to terminus and therefore reduce the 
di^arge of ice. Wastage in the snowfield reduces the amount of ice 
transferred to the glacier proper, and wastage of the glacier’s surface 
takes its toll throughout its length, especially in the terminal zone, 
where temperatiues are higher than at the glacier’s source. 

Meltumter, The most conspicuous product of wastage is meltwater. 
It forms streams and pools on the upper surfaces of many glaciers in 
their terminal zones; it concentrates into streams along the lateral 
margins of glaciers in valleys; it descends through crevasses and tunnels 
to the bottom of the glacier. Most glaciers have swift streams of melt¬ 
water flowing away from their lower ends. 

Regimen of Glaciers 

Normal Regimen of a Glacier. The regimen of a mass of snow or 
n6ve that is too thin to flow is controlled by the interplay of two fac¬ 
tors: nourishment by snowfall, which tends to increase the mass, anfl 
wastage^ which tends to diminish it. A preponderance of snowfall over 
vrastage through a long enough time will increase the mass until it 
becomes thick enough to flow. At this moment a third factor is intro¬ 
duced into the regimen: the transfer of ice from one part of the glacier 
to another by flow. The greater the excess of nourishment over wast¬ 
age, the more rapid the rate of flow. 

Every glacier therefore has in its higher part an area of dominant 
nourishment and in its lower part an area of dominant wastage. The 
ice flows from its higher part toward its lower part, thus making good 
the losses sustained through wastage. This is true regardless of the 
shape, form, or size of the glacier, as can be visualized by inspection of 
Figs. 107 and 108. If both nourishment and wastage remained un¬ 
changed from year to year, the downstream transfer of ice by flow 
(that is, the discharge, as in a stream) would be uniform, and the regi¬ 
men of the glacier would be in equilibrium. Actually, however, equi¬ 
librium is seldom attained because both snowfall and wastage vary 
from year to year. 

The regimen described is tnueh like that of a stream of water that 
drains a shallow lake, flows down a mountain valley into a desert, and 
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there disappears by evaporation. In such a stream the three factors 
of rainfall, stream flow, and evaporation are so closely interrelated that 
even a slight change in one factor affects both the others. The larg^ 
the area of nourishment and the greater the snowfall upon it, the 
greater the discharge of ice through tiie glacier. Thus a narrow thin 
glacier must flow more rapidly than a wide thick glacier in order to keep 
its discharge adjusted to the amount of snowfall in a given area of 
nourishment. 

For these reasons, no two glaciers are likely to flow at the same rate. 
Furthermore, the rate of flow of any one glacier decreases with decrease 
in temperature (some glaciers are nearly at O'^C.; others are much 
colder) and other conditions, not only from season to season but also 
in some instances from hour to hour. Measurenients of flow range 
from a small fraction of an inch per 24-hour i^eriod in certain Antarctic 
glaciers (probably the coldest in the world) to many tens of feet. 

Fluctuations of Glaciers and their Causes* Indixddual glaciers 
watched from year to year are found to become either longer and 
thicker over a period of years or, as happens to be tnie of most 
glaciers at present, shorter and thinner. These fluctuations are the 
result of the changes in nourishment (dependent chiefly on amount of 
snowfall) and in wastage (dependent chiefly on summer temperatures). 
As both sno’wfall and temperature are basic elements in determining 
climate, it is apparent that similar fluctuation of a large group of 
glaciers over a long period of years indicates a change in the climate. 

It is much easier to measure and record changes in the position of a 
glacier’s terminus than changes in its thickness. Hence measured fluc¬ 
tuations in the terminus are commonly used as general indicators of 
climatic change. Long records have been kept on some of the more 
readily accessible glaciers in the Alps and in western North America. 
Nearly all the glaciers are shrinking (Fig. 110). For example, on 
Mount Rainier in Washington, Nisqually Glacier, with a present length 
of about 4 miles, was shortened 4131 feet from 1857 to 1944. The 
average annual recession of this glacier’s terminus was thus more than 
47 feet during the 86-year period, though the figures show that after 
1930 the rate of recession increased to nearly four times the average 
rate prior to 1892. 

The neighboring Paradise Glacier on Mount Rainier, and a number 
of other glaciers in western North America, have sbrimk to such an 
extent that their terminal parts have become stagnant, lacking further 
flow. This condition may result from such extr^e thinning by wastage 
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A'g. 110. Nmatak Glacitr^ Alaska^ fbotoffaphd in IPU, showing position of 
its terminus. The approximate position of its terminus in 1909 is shorn for com- 
parison. The glacier was shortened by 6 miles during the 25-year interval^ chiefly 
by breaking off piecemeal into Nunatak Fiord. Small icebergs are visible in the 
view. Contrast the ice-smoothed lower slopes of the valleys with the frost-wedged 
upper slopes. Sinuous medial moraine records flow through a sinuous valley. 


that the ice no longer has sufficient thickness to make the basal part 
flow, and the upper more or less rigid zone of fractures and crevasses 
extends right down to the base of the ice. When crevasses cut the 
ice from top to base, masses of ice may thereby become isolated from 
the main body of the glacier. In two glaciers on Mount Shasta, Cali¬ 
fornia, the gaps between large isolated ice masses and the termini of 
the continuous glaciers were found in 1936 to be 1 mile and 1^4 miles 
respectively. The initial severance of one of them is believed to have 
occurred in 1920. 

The shrinkage of glaciers throughout the world since the middle of 
the nineteenth century is a sound basis for the belief that during the 
past hundred years or so the climates have grown slightly warmer. 

In contrast to the general Shrinkage which most glaciers are now 
undergoing, marked expansions of a few glaciers occasionally occur. 
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Thug^in September, 15399, eet^ere earthquakes affected .the district of 
Yakutat Bay' in Alaska, where there are maqy glaciare in a nearly 
stagnant condition. By 1906 most of the glaciers were ^qpanding rapi- 
idly, hut later they returned to their former sluggish flow. The suddcjn 
expansion appears to have been the result of enormmis quantities of 
additional snow avalanched by the earthquakes from the surrouMu^ 
cliffs into the anowfields that fed the glaciers. The aupnented flow was 
analogous to a sudden flood in a stream system, brought on by a cloud¬ 
burst. The T-ycar lag, however, is a result of the slight mobility of 
glacier ice as compared with water. 

The recent record of the Black Rapids Glacier, in another part of 
Alaska, is even more striking. During a period of 5 months in 1936- 
1937, flow was so rapid that, in spite of wastage, the terminus advanced 
3 miles—a daily average of 115 feet, possibly the highest* rate on 
record for any glacier. Exceptionally great precipitation occurred in 
this district during the period 1929-1932. It is thought that, after a 
lag of several years, this excess was making itself felt at the terminus. 
The glacier is small in proportion to the snowfield from which it is 
nourished; this helps to explain its unusually rapid flow. 

Genetic Relations of the Glacier Types 

Valley Glaciers. It has been stated (p. 158) that the commonest 
type of glacier is the valley glacier. Flowing from mountain snow- 
fields, these glaciers take the lowest routes available, following the 
valleys that had been cut by streams before the glaciers came into 
existence iFigs. 109, 110, 124,133). In the Alps there are more than 
1200 valley glaciers, tlie greatest of which is nearly 10 miles long. Val¬ 
ley glaciers lie high in the other ranges of Eurasia—the Pyrenees, the 
Carpathians, the high mountains of Norway, the Caucasus, and the 
Himalaya, to name only a few. The lofty mountain valleys of the 
Andes and of New Zealand carry many large glaciers, and in the moun¬ 
tains of the Alaskan coast thousands of valley glaciers, favored by 
great precipitation and cool temperature, reach down to or near the 
level of the sea. The west branch of Hubbard Glacier, Alaska, 75 
miles long, is the longest valley glacier yet reported. Southward 
through British Columbia, Washington, and Oregon, the regional bow¬ 
line rises, and glaciers become less numerous. Within the United 
States the largest glaciers occur on the high volcanic peaks of the. 
Cascade Mountains, of which the most impmtant are Mount Baker, 
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Mqunt Rainier^ and Mount Adams in Washington, Mount Hood in 
Oregon, and Mount in ncnthem California. Some are present 

also in the Rocky Mountains. 

In the Alps there are in addition to the valley glaciers many fields 
of snow, neve, and ice, lacking perceptible motion, and too small in 
size to give rise to actual glaciers. These small fields persist in regions 
that are not quite cold enough or moist enough to nourish full-sized 
valley glaciers. This is true even of high ranges of the Rocky Moun¬ 
tains in Montana, Wyoming, and Colorado. 

Piedmont Glaciers. Some valley glaciers emerge from mountain 
ranges and spread out upon plains, coalescing to form a continuous 
thick sheet of ice. The greatest of these piedmont glaciers are Mala- 
spina Glacier (with an area of 1500 square milesj and Bering Glacier, 
both in Alaska. They are intermediate in character between valley 
glaciers and ice sheets. 

\ Ice Sheets. Small ice sheets (or ice caps) are numerous on high- 
latitude plateaus, where they have been formed entirely by the ac¬ 
cumulation of fallen snow on the plateaus themselves. In addition to 
these, much larger ice sheets exist. One of these is the mighty Green¬ 
land Ice Sheet, a continuous mantle of ice that is not confined by val¬ 
ley walls, but rises above valleys and mountains alike to an altitude of 
more than 10,000 feet. This great glacial blanket has an area of 
more than 637,000 square miles and is thick enough (6200 feet at one 
pednt near the center) to cover high mountains and plateaus, burying 
them completely. Its form, though imperfectly known, appears to con¬ 
sist of two or more broad low domes (Fig. Ill), with almost imper¬ 
ceptible slopes. From the central part of the mass the ice slowly 
creeps toward the coasts, flowing through valleys that transect high 
coastal mountain ranges. Most of these outlet tongues of ice, which 
resemble valley glaciers, end in the sea where they discharge great 
pieces of ice that float away as icebergs. 

The Antarctic Continent is covered by a similar but much larger 
ice sheet having an area of more than 5 million square miles. Partly 
through outlet tongues and partly as broad unbroken sheets its dis¬ 
charge reaches the sea and forms bergs. 

The surfaces of these two great glaciers are broad monotonous wastes, 
barren of life. The only visible movement upon them is the movement 
of wind-driven snow and particles of ice. Other very large ice sheets 
formerly overran parts of North America and Eurasia, as detailed 
elsewhere in this chapter* 
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Fig. 111. GrdenlaDd, showing i^iB Ice Sheet end other glaciers in white; ioo>iree areu 
are dark. Surface form of the loe Sheet is indicated by generaliaed eontouta (Altitudes in 
feet abows sealevel). Crosses mark high pfHnts ou the ice-sheet surfAoe. 
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It is very improbable that the present great ice sheets and those of 
farmer times were built up, ]ike their relatives the small plateau ice 
caps, entirely by snowfall on the areas they covered when at their 
greatest esetent. They are believed to have resulted from the gradual 
invasion of their territory by valley glaciers and ice caps flowing from 
higher places, the invading glaciers having coalesced to form a single 
glacial mass. Further snowfall on the coalesced mass built it up so 
thick that it partly or entirely buried the moimtains from which the 
invading glaciers had descended. According to this view a large ice 
sheet is somewhat like a large lake formed by the mingling of waters 
from many streams that flow into it from surrounding mountains. The 
lake level rises, submerging an ever-increasing expanse of territory. 
In any case there are no sharp distinctions between valley glaciers, 
piedmont glaciers, and iee sheets. The three types grade into each 
other. 

^ Geologic Work of Glaciers 

By glad^ion is meant the alteration of the surface in consequence 
of glacier ice passing over it. It involves both erosion and deposition, 
each of which is described separately below. 

GLACIAL EROSION 

Plucking and Abrasion. It has been said that a glacier is at once a 
plow, a file, and a sled. As a plow it churns up and moves mantle and 
pieces of the bedrock; as a file it rasps away the firm rock in its path, 
smoothly abrading it; as a sled it carries away the plowed-up and 
filed-off debris, plus whatever additional rock fragments may have 
fallen from mountain slopes down on to its upper surface. 

The chief process in glacial erosion is plucking, which can be thought 
of as including all the ways in which debris is picked up and incor¬ 
porated into the moving ice. Plucking is the plowing process men¬ 
tioned above and is broadly the equivalent of hydraulic action in 
streams of water (p. 76). The ice in the base of the glacier drags for¬ 
ward loose rock fragments on the ground underneath it or freezes 
around pieces of rock, incorporating them into the base of the ice. 
The pressure caused by the weight of the thick moving glacier breaks 
off and quarries out blocks of bedrock, especially from surfaces that 
are unsupported on their lee sides. Such plucking of bedrock is aided 
by frost wedging (Fig. 14, p. 36). Meltwater percolates into joints 
and cracks in the bedrock, freezes^ expands, and thereby pries out and 
shoves forward blocks of rock. 
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Glacial erosion also includes abrasion, tbs filing procesa. Like a 
stream of water, a Racier cannot abrade witiiout tools. But its under 
surface is studded with rock fragments of many sizes, and with tijese 
as teetii the slowly moving ice bites slowly into the bedrock under¬ 
neath, making long scratches and grooves (glacial striations or striae). 

The effects of drastic plucking and abrasion on the surface of the 
bedrock are conspicuous. In Fig. 112, a glacier has plucked large 
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Fig. 112. Grooved and polished surface of bedrock. Middle Fork of Kings River 
Valley, California. The former ice (a valley glacier) flowed from left to right. The 
abraded side (left) differs distinctly from the quarried side (right). 

blocks from the bedrock. It has filed and polished the parts of tfae 
rock that it could not remove by plucking, as shown by the striations 
and polish on its surface. From the distribution of the striations and 
the quarried rock surfaces in the picture it is easy to infer that the 
former ice was moving from left to right. Figure 113 shows striations 
in greater detail. 

While the bedrock surface is being abraded, the stones in the base 
of the glacier are themselves worn, usually unevenly, because from 
time to time they are forced to turn in tbeir icy matrix. An ideal 
glaciated stone (Fig. 142, A) therefore has several facets, some ol 
them bearing striations, the facets meeting each other along soKiewhat 
rounded edges. 
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In general, glacial erosion is accomplished more through quarrying 
than through abrasion^ because it takes less work per unit volume to 
quarry out most kinds of rock than to wear rock down by rubbing. 



K. S. Brown, U. 8. Bw€nu of Reclamation. 


Fia. 113. Glaciated surfacMS of bedrock (basalt), showing grooves and striations. A 
few ice-transportod stemes lie on the surface. Disintegration by weathering since the 
glacier wasted awegr is visible in the foreground. Near Grand Coulee Dam, Washington. 
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GLACIATED VALLEYS 

Glaciers do not excavate valleys of their own: they remodel valleys 
already formed. Both the valley glaciers that creep downward from 
the snowfields near the crest of a mountain range, and the long tongues 
of ice that are the advance guard of an ice sheet flowing over a moun¬ 
tainous region, follow the valleys that had been excavated by streams 
before glaciation began. The glaciation of a mountain valley begins 
at its head. 

Valley Heads: Cirques. Valleys that are or have been occupied by 
valley glaciers have steep blunt heads (Figs. 114,134). These striking 
valley heads, known as cirqw8 (pronounced *^serks''), probably are 
started by the gradual excavation of niches that are occupied from 
year to year by snowbanks at the beads Df mountain valleys. On sum¬ 
mer days the melting snow forms water which permeates the rock 
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benea^ the soowbanln, espeeiaUy beaoeath their mwgjas. At sight the 
temperature dwpa, the water freraes asd. expands, brejE^bmg ii|> 
the Mirfaee reek. The" emalfer rock partielee are v^shed away h^ 
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Fig. 114. View near Eclipse Harbor, northern I^abradtir, the Torngat Moun¬ 

tains, showing bowl-like cirques at the heads of glaciated valleyv. Some of the eirqueg 
still contain snowbanks. 

meltwater during daytime thaws. All this activity very slowly en¬ 
larges the depressions beneath the snowbanks. The depressions there- 



Fig, 115. Alteration of the cross profile <A) and long profile {B) of a mountain niche, 
to form a cirque. (;ontinuous line ^ initial profile of the rock surface. Dpftted line 
, » surface of the snowbank. Broken line profile of the rock surface after alteration 
( by snowbank orosioii. 


fore gradually take on the fonn of the snowbanks, becoming broadiV 
and flatter floored and deeper (Hg. 115). If a snowbank ineteases 
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to and become a Butall glacier, the .i^iUtmjg;; 

j)lucki% and Abrasion .help the meltwater process te enlarge^ .^ 
jn^ssion into ». full-fledjjed cirque.' Ero^pn ia so iiit^e in 
; of a cirque that manjr cirque floors are excavated to form rook basins.- 
When, after waiming of tee climate has melted away tee ic€”aiitd^O#j. 
ILh^ bSsms ate exposed, teey' fitir with wateTimd fdmi smate^^ 
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Fio. 116. Valley abandoned by a v^ey glacis^ after the glacier had beveled its spure, 
amoothed its aidee, deepened it^ and given it a U-profile. Teneya Canyon, Yosemite Valley, 
California. 

circular lakes. Cirques are not made by ice sheets, because ice sheets 
lovertop the rock surfaces in the regions where they occur. 

In the process by which cinque excavation is begun the reader will 
recopu:w frost tt;ed{/ina (Fig, H). This process goes on not Only be¬ 
neath glaciers in regions warm enough to permit subglacial melting, 
but also bn exposed bedrock surfaces above the glaciers. Alpine peaks 
owe niuch of the detail of their Jagged form to this process. 

Other Features of Glaciated Valleys. Glacier ice, being far tess 
mobile than water, does not conform so readily to the bends and curves 
{Figi 56) imparted to the-^alli^ streams that originally exca¬ 

vated them. For this i^Mon it grinds persisted a^inst the spurs- 
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project Btltemately into the valleys, snubbing their ends and grad* 
ually beveling them into facets. The facets grow larger as the spurs 
grow Shorter, until at lefigth the spurs are worn away entirely, leaving 
wide and nearly straight U-trougbs through which glaciers can flow 
with minimum effort (Figs. 116, 119). 

The long profiles of some valleys are greatly altered by glaciation. 
More or less smooth stream-valley profiles are remodeled by valley 
glaciers into short treads alternating with steep risers, resembling great 
flights of stairs (Fig. 117). In some places the outer parts of the treads 
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Fia. 117. l^ng profile and seetion of part of a fainted valley Bhowing smoothed 
surfaces of glacial Abrasion altemating with steep faces caiised glacial quanryim:* im¬ 
parting to the valley a step-like profile. In this valley tlie steps are shown to he con¬ 
trolled by the unequal distribution of joints and other planes of weakaiess that cut tlie 
liedrock, although other factors may affect the making of SU!^^ steps. Dashed line indi- 
catoB valley profile prior to glaciation; dotted line indicates profile during an early phase 
of glaciation. , 


are cut from rock comparatively free from joints and fiissures, wlicrehs 
the bases of the risers Are cut into thoroughly jointed and fissured rock. 
This seems to indicate that some of the stairs are made by quarrying 
in the jointed rocks and by abrasion in the places where the joints are 
scarcer. In the latter places the rock surfaces are commonly polished, 
grooved, or striated. Some valleys that have been occupied by vigor¬ 
ous glaciers contain, in addition to stairs, basins excavated in the 
bedrock. Many of them now contain lakes. Such basins are common 
in many glaciated valle^^ and are rare in nonglaciatcd valleys. 

Hanging Tributaries. 'The grinding away of the spurs in a main 
valley affects the tributary valleys, whose mouths are snubbed back 
at a rate faster than their own streams (or their thin and relatively 
weak glaciers) can deepen them. The tributary valleys can no longer 
enter the main valley at grade but are left hanging above it, so that 
after the ice has disappeared their streams flow out to the edges of 
cliffs down which they must cascade in order to join the main. These 
hanging tributary valleys (Fig. 118) are characteristic of regions sculp¬ 
tured by glaciers, although somewhat similar hanging tributaries arigt- 
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nate io other (p. 492)^ Most baiigiBg ^tributjtrks resist frc»n 
defepening of their mm valleys by iralley glaoiera. ;Howev^^ Bbme 
have been made by icb sheets that swamped eiifire valley systems. Tha. 
ice shoets deepened the valleys lying parallel with ice motion,; more 
thanltbe transverse valleys, which tended to fill with , glacial depoBits. 
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Fio. 118. Valley ol Tidoi Hiver, British Columbia. Widentus and deepening by a 
. valley glacder have oonverted it into an open trough and have left the tributary valley 
(riglit) hanging above the floor of the main volley, forcing the tributary stream to cascade 
down a cliif. 

The hanging tributaries of the Finger Lakes valleys in central New 
York are believed to have resulted from ice-sheet glaciation. If the 
cut-away parts of their profilira are restored by projecting them into 
the main valley (Fig. 119) they are commonly fbuhd to meet above 
the floor of the latter. This proves that the in^in valley has been not 
only widened by the ice but deepened as well, v 5^ Yosi|mite Valley in 
California^ originally cut by a etreamj was later deepened as niuch as 
1500 fe^ by glaciers that occ^^ied it for a Gonsiderablfe time. 

In middle latitudes thiB features tliat show a Valley has b^n 
glaciated disappear as the valley is traced downward, and the lower 
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limit of |;la«iaUon, the 7>laee where the glacier terminated, can iheie> 
fore be approidmated. Ih high latitudes, howevf^, moat valleys, even 
along the coasts, have been glaciated throughout ilteir lengths, are 
now in part fiords. A fiord is a segment of a glaciated trough that is 
partly filled by an arm of the sea (Fig. 110). It ie a eharacteri^ic 
feature of the coasts of British Ck)lumbia and Alaska, Labradcn* and 
Greenland, Norway, Chile, and parts of New Zealand. The Frans 
Josef Fiord in East Greenland is 100 miles long and 8 ndles wide near 



Flu. 119. Block. Bkowinjc alteratioa of a strcfniuvallpy b> n valley i^cicr. Eeiur half 
of block Hbows Btreani valley before glaciaboii Front half bKowb valley deepened and 
widened by glariation, with tributaries left hanging above the iimm valley. (Compare 
l-igs. llKViid 131-m,) 


its mouth, and in places its floor lies more than half a mile l^low 
bcalevel. Messier Channel in Patagonia, the deepest known fiord, 
reaches a depth of 4250 feet Such great ilepths may be due in part 
to regional submergence of the coasts in addition to glacial excavation. 
Howe\w, §omc fiord fioors include bedrock basins ^\hieh, if brought 
above sealcvel, would still contain lakes hundreds ot feet in depth. 
Such features must have been excavated by powerful glaciation. 

The sculpture of fiords, like the sculpture of other glaciated valleys, 
is not restricted to valley glaciers. Some fiords liavc been made by 
ice sheets as they flowed over mountains or plateaus cut by deep valleys. 

OLACIAL TRANSPOOT 

Movement of rtwk waste by glaciers is more continuous than move¬ 
ment by streams, because the glacier^s load does not so readily sink 
to the bottom, requiring to be lifted up again. The rock debris carried 
by ice sheets consists chiefly of material picked up freon the ground 
and is concentrated along the under surfaces of the glaciers. That car- 
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yall«7 glad^rs ia augmented hy gUderock avalanched from 
valley walla and dg therefore present also at the sides and on the upp^ 
surfaces of the glaciers. In both valley glaeiere and ice sheets, the 
great bulk of tJic ice is commonly nearly free of rock debris. Excep¬ 
tions are the outer margins of some glaciers, where waste becomes con¬ 
centrated on their upper surfaces as they shrink by thinning (Fig. 126)* 
A glacier can transport with ease large boulders (Fig. 136) that could 
not be moved by a stream of comparable discharge. A glacially trans¬ 
ported granite boulder near Ccmway, New Hampshire, measures 90 by 
40 by 38 fcet^ anotlier, of limestone, in eastern Ohio has a surface area 
of more than one acre. 

J GLACIAL DEPOSITS 

TUI and Stratified Drift 

All the material in transport by glacier ice, and all the material pre¬ 
dominantly of glacial origin deposited directly by glaciers or indirectly 
in glacial streams, glacial lakes, and the sea, togetlier constitute glacial 
drift The name drift dates from a time more than a hundred years 
ago, when it was conjectured that such deposits had been “drifted” to 
their resting places by water. In texture and arrangement, drift varies 
through many gradations between two extremes. One extreme con¬ 
sists of drift deposited directly by the glacier without having been 
flushed by meltwater. The other extreme consists of drift so thoroughly 
worked over by meltwater that it has become well stratified and is 
^ actually a deposit made by water. 

Tin. Drift deposited directly by the ice consists of pieces of rock 
of many different sizes, usually ranging from large bou],ders down to 
silt and clay. The pieces are not sorted according to size and weight; 
they lie just as they came out of the glacier ice (Fig. 120). This kind 
of drift is known as till, a name given it by Scottish peasants long be¬ 
fore its true origin was understood. Till comes out of the ice in a 
variety of ways. Some of it is merely dumped off the ice terminus. 
Some of it is heaped up, snoTH’plow-fashion, as the ice terminus creeps 
forward. Some of it is slowly let down to the ground from positions 
within or upon the glacier, as the ice beneath it slowly wastes away and 
disappears (Pig. 126). Probably the great bulk of it is plastered on 
to the ground from the sole of the creeping glacier. Some of the stones 
in the till—^particularly till of the type last mentioned—have glaciated 
shapes approaching the one shown in Fig. 142, a, but the pro[>ortiun of 
such stones is commonly very small, x 
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idea} HH oenoaM of a deposit iiom twideb do£ evett ^ 
fitisst pijctioles vruehtd out d^ug its aotunntkitosr, s%t m nwbf 
piKees the till is more or ^ a’ashed. TWb is oiutotaacbdile ip view 
of the faet that, at oue tme or another, zB^twater is preamtt in 
terminal adnes of n^rly all glaciers and k able, by flushing <»rt tl^e 
finer partkles, to modify the hiitial»ice--laid character of the till. 
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Fio 120. l^xpodure irf till, shnwln^ itH lack of both sise Korttiig and atTBtfhcaiioii» and 
the glanatod sha|)C& of some of the atooea it ooritaiha. (CuiDpare Fig. 121-) FwihellSl 

3 c)ok, St. Goorgeh Bay, NeMrfoundlaiid 

Stratified Drift. Much of the drift ip partly or wholly stratified, 
indicating that meltwater has partly or tlioroughly rew'orked the rock 
debris carried by the ice (Fig. 121). Stratified drift is complementary 
to till; the more till, the less stratified drift, depending on the amount 
and effeetiveness of meltwater in rehandling the drift. Stratified drift 
occurs in immediate contact with the glacier and also is distributed by 
streams of meltwater far beyond the terminus of tiie glatner itself. 
There it is gradually adulterated by stream dqwsits of local, non- 
glacial origin, nntil its identity is lost. Hie Mssouri River carries 
fine drift from glaciers in the Rocky Mountains of Mtmtana, but, when 
deposited abng th? lower Mississippi, this material would be difficult 
indeed to separate from the other sediments with which it is mixed. ^ 
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Stratified drift co&tains few glaciated stones. Boulders, cobbles, 
ami pebbles are successively^ deposited as the gradirat and competence 
of the meltwater stream diminish. These large pieces are abraded by 
water-driven “fines”—sand, silt, and smaller particles—and their sta'ia- 
tions and facets are worn off. The fines, however, are chiefly the prod¬ 
uct of mechanical grinding by the glacier and are therefore fresh and 
undccomposed, unlike the fine products of chemical weathering that 



» F. Flint. 

Fir> 121. StiBtifierl dnft. Wallingford, CoimeMicut. (Compare Fig 120) The lens- 
like beda arc the long Hectionu of atreani rhanuels, each of which was filled with sediment 
foreiiet into them. The currents moved from left to right. 

are delivered by the mahs-wasting processes to most nonglacial streame. 

Meltwater streams have a braided pattern fp. 86; Fig. 124). The 
braiding habit results in part from great fluctuations in discharge be¬ 
tween day and night, and in part from the fact that the streams are 
already heavily loaded as they emerge from the glacier 

-J Types of Drift Based on Surface Form 

Terms such as drift and till refer only to deposits, without regard to 
their surface form. Some glacial deposits, howaver, including both 
till and stratified drift, are fashioned into distinctive forms recognizable 
as landscape features. Some of the best known of these are ground 
moraine, moraine, outwash plains, d^umlins, eskers, and kame 
Uerraces, 

Ground Moraine. Drift that is widely distributed, ordinarily rela¬ 
tively thin, consisting chiefly of till, and having a gently irregular 




OLAC^SS AK» GLACi^TJON ^ ^ " 

initial furttkoe foim is refeired to ^ gtouftd fiwrait^ The j^eotle iiu-" 
duletione of its surfece, itsi some places ioeluding elosed 
seem to be m part the result of uneven dn^osition by ice unev^ly 
charged with drift. Ground moraine covers the greater pari of tjie 
glaciated region from eastern Ohio west to the Rocky Mountains fei 
Montana and is conspicuous likowise in Bitrope from northern Gei^ 
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Fiq. 122. Dnuriliu near Maclison, Wisconsin, seen from tiie air. 

many eastward through European Russia. In these regions the drift 
is thick enough to have obliterated most of the lulls and valleys on 
ftrhich it i-csts (Fig. 130), 

Drumlins. The ground moraine in some districts in western New 
York, central Wisconsin, southern New England, Nova Scotia, and tlie 
British Isles is dotted with scores of smooth hills shaped like the in¬ 
verted bowls of teaspoons. These are drumlins (Figs. 123,123). Most 
of them are made of clayey till, and many of them have cores of bed*, 
rock. Ranging up to more than a mile in length and up to 200 feet in 
height, their long axes parallel the direction of flow of the furmer 
glacier ice. In the ideal drumlin the blunt head opposes the ice Sow 
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the Mrrower tail points mik it. Drumlias are perfectly sti^am* 
lined fm?nb, offering tninimum resistance to ice flow. They neeur 
chiefly where clay is an abi&dant constituent of tire drift and probably 
owe their origin to a combmation of erosion and plastering deoosition, 
the latter process gradually shaping (heir tails, the cohesive property 
of the clay playing an essential part Most drumlins are formed not 
far hgck from tlie teniiinus of the glacier, where the ice is compara¬ 
tively thin and Where drift is abundant. The chief geologic value of 



Fm. 123 Uelicf irirxlel of a Kroiip of dnunlms near Fond du Lac, WiBnOntan The area 
Hhown la 4 5 by 4 uuleB. Vertical arale ezacgt^iateil 


drumlins is that they record vigorous ice flow and indicate the direc- 
tiun of iriovemcnt of former glaciers. 

I End (Terminal) Moraines. A generally ridge-like accumulation of 
^dnft, resulting chiefly from deposition by a glacier along its terminal 
margin, is an end (oi tenriiml) vioraine, Such an accumulation may 
be made by three processes (p 176) or by combinations of them: (l) the 
snowplow process in front of an expanding glacier, (2) the plastering 
process beneath the terminal margin of an active glacier, (3) the dump 
process at the margin of a glacier whose terminus is stationary owing 
to temporary equilibrium between flow' and wastage 
The end moraines of valley glaciers (Figs. 124, 125) range from a 
few feet to scores and, exceptionally, hundreds of feet in height 
Ordinarily their breadths are slight The length of a fully formed and 
Undissected end moraine is controlled by the width of the containing 
valley. In plan the end moraine is usually convex down-valley, re- 
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f/|. 124. Features of a shrmkmi valley glacier. End mmenes {d$sk-oolmi 
arts) marking succesme positions of the margin of a shrinking valley glacier fuar 
Mount Iliama, Alaska. Braided stfeams of meftwater have hreacM fhe end 
moraines and are building a great outwash plain of stratified drift. Om melt¬ 
water stream flows along the lateral margin of the glateer. On the glacier surfm 
are crevasses indkating fracture^ and sinuous hands of drift (includkg laterd^ 
moraine at left) indicating flow. The ke has steepened the tides of its valley. 
In the left background ict-ahraded rock surfaces, a rock-basin lake, a hanpng 
tributary valley, and a cirque are visible. {Contrast the stagnant terminal 
of a different glacier. Fig, 126.) 


cording more rapid movement of the center than of the sides of the ice. 

The end moraines of most valley glaciers contain but a email pECO- 
portion of the waste removed from cirque and upper valley, much of 
it having been strewn along the valley floor as ground moraine and 
much having been carried off down the valley by meltwater. In many 
steep valleys, indeed, end moraines do not fmA at all^ because 
drift is sluiced away by water as rapidly as it form The fact tbai 
an end moraine of a vanished valley glacier is incomplete, howev< 






WHITMAN CHOW, U. I. OBOLOClCAL SUKVBY. 

Fig. 125. End putraines (hw rtdges in center) and sutwasb (jmeoth plain on right) 
in the Anims ValUy near Animas City^ Colorado. The ice margin shrank back 
from right to leftj and both moraines and outwash have simce been trenched by the 
river. 


doea not indicate that it was not once fully formed, as a vigorous i^eam 
readily breaches it and eventually destroys it. 

End moraines rarely form along the entire margin of an ice sheet 
because the important factors of topography, atmospheric moisture, 
and movement of the ice vary greatly from one sector to another. 
Some of the ridges left at the margin of the ice sheet that recently 
covered part of North America are scores of miles long, 100 to 200 
feet high, and 1 to 5 miles wide. Their slopes are gentle, and except 
for their broadly ridged character they have almost the same undula- 
tory surfaces that characterize the ground moraine, back of them. 
Their continuity is broken by gaps through which meltwater formerly 
flowed. End moraines of this kind cross the broad region south of Lake 
Erie and Lake Michigan in great festoon-like belts trending generally 
east-west. Each of these belts marks an interruption, probably cli¬ 
matic, of the wastage that caused the ice sheet to disappear. The great 
Baltic End Moraine in northern Germany is for many miles not a 
ridge but a trench, because, being rich in boulders, it has been thor- 
excavated as a source of paving blocks and building stone for 
Berlin and other cities in a re^on where rock is very scarce. 



|kifw;gli|i6i«l Maiijr edstii^. valley j^eiees ^ 

III (kilfc on :^ir kte^ num^s. Btnlt in ‘i^it by avaiand!^ 
hm vaUey aides, are tenned lalem^ atoramair lllg. 134). t&e 
mer^ng of two lateral toorameB beyond the point at wfaidi Iwn 
gladers coalesce to forsi a larger ^Uder janduces’ a medial momlna v 
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Fig. 12R. Blanket of superficial drift covering the surface of the stagnant and w'Bsting 
termiiiELl zone of the Fairweather Glacier, in the Juneau region, Alaska. Most of the drift 
was Goiitained in the ice and is accumulated on the surface as the ice melts. Kettles and 
drift knolls are forming on the surfuro. The underlying ice, streaked with drift, is visible 
in the cliff in the foreground. The active part of the glacier, upstream from the terniinal 
zone, i.s seen in the distaucM*' as nearly clean iee, flowing toward the observer. The moun¬ 
tain is Mt. Fairweatlicr (1.5,300 feet). 

(Fig. 110). Lateral inoraineB often survive the glaciers by which they 
were built, but medial moraines rarely do so, because thdir contents 
are spread out during the shrinkage and disappearance of the icc and 
are lost among the debris accumulating on the surface as wastage thins 
the glacier (Figs. 126, 127), 

Forms Built of Stratified Drift. Outwash. A great accumulation 
of stream-deposited drift in the region beyond the iee terminus is , 
wash (Fig. 124). Choked with drift, the meltwater streams aggrade 
their beds and shift their braided channels^ building up deposits of 
sediment that may reach tbicknesses of hundreds of feet, their chan<^ 






BRADFORD WASBBURAf* 

Fig. J17. KtttUs forming in the drift that s^vtrs the marly stagnant urminal 
Z.m of Chitina Clacitr^ St. Elias Mountains, Alaska. Th arta of gfatier in 
vkw excttds 12 sfuart mlos. View down the ^ier, past the terminus to the 
head of the outwash beyond. The mall cliffs that inclose the ponds expose glacier 
ice. (Compare Fig. 126.') 


neled upper surfaces sloping away from the ice with steep stream pro¬ 
files. The traveler along an active outwash plain has a difficult time 
of it. Because of the braided channel pattern he is nearly always on 
an island, from which he has no choice but to ford a swift cold stream. 
Once across the stream he is only on another island. 

Some outwash plains, traced headward, lead through gaps in a re¬ 
lated end moraine and merge with the ground moraine on the o^er 
side. Other outwash masses end headward in steep slopes- facing the 
positions vacated by the former glaciers. The heads of such outwash 
masses were built against and upon the terminal margins of glaciers 
which were feebly flo^dng or entirely stagnant. When the ice wasted 
away, tiie stream deposits slumped down, locally reversing their sur¬ 
face slopes. Slopes representing the former contact of drift with ice 
ate ice-contact /aces (Fig. 128). 


The iee-eontaei heads ef ouirWaah plaioe as we® as atlulir 
imksses of accainulated adjaeent to a t^ter ale eommdtely 
with undrakied deplessions ranging from a few yartb up to a mile &t 
mope in diameter. The smaller depressions are usuaRy nearly eircukl’^ 
the large ones are more likely to be elongate. Many contain lakes or 
swamps. Surh features are termed kettles (Figs. 127, 129), and iheilr 
origin is well understood because they are forming today near the 



From Fhnl, Glae$al OmloffU and ik$ PletMocew Spoeh, 
Fia. 128. Making of a kame terraoe. 


A. Begment of a valley ofM'Uiiied by a nbrinking tongue of glacier ice Braided Bireama 
are floWuig along the niarginH of the glacier and are building up thick depoHite of aedunent. 
A email lake hae formed againet one aide of the glacier. 

B When the ice disappeared the marginal deposits of sodtment were left as kame 
terrajCtes (('ontrost the terraces shown m Fig. 327, p. 494 ) 

margins of some glaciers. Masses of glacier ice of various sizes, either 
surrounded or completely buried by drift, slowly w^aste away and cause 
slumping and caving in of the drift. 

Pitted Outwash Plains. Considerable areas in Minnesota, Wisconsin, 
Michigan, New England, and northern Europe, and smaller areas in 
other regions, consist of outwash plains pitted with kettles. The kettles 
range in diameter from a score of feet up to 10 miles or more and are 
so closely spaced in some districts that the plain is merely a network 
of narrow ridges. Such features are convincing evid^ce of glacier 
ice that became stagnant. The ice was seamed with a net'^ork of 
crevasses and sui>erglacial stream channels through which ran 
water, blanketing the ice with stratified drift which ultimately sagged 
and sliunped into its present position. 
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Keme fturaew. Some gtaeiated valleys contain teiraoefl made of 
gravel and sand built up by streams flowing between tbe side of a 
glacier and the inclosing valley wall. These are hatae terraces (Fig. 
1^) f some of them have ioe-contact faces. Kame terraces differ both 
in form and in ori@n from terraces that have been carved by streams 
from deposits that formerly filled the valley from side to side. Ordi¬ 
narily the ice-contact faces are very irregular, with bowl-like inden- 



Fio. 129, Kettlos in kame teiTace, Chilko River valleyp Lillooet Drstrirt, British 

Columbia. , 


tations, and finger-like projections that have been called crevanse 
fillings. Near these faces the terrace surfaces contain kettles, and in 
some places isolated knolls of sand and gravel dot the low area beyond 
the terrace faces. 

Terraces having these features indicate that the ice against and upon 
which they 'were built must have been nearly or quite stagnant. Ter¬ 
races otherwise similar, but lacking these details, were built along the 
margins of glaciers that probably were actively Sowing. 

Eskers. In New England, southern Michigan, and Minnesota, and 
less conspicuously elsewhere in North America, there are winding 
ridges of stream-built stratified drift, which reach lengths of many 
miles and heights up to 60 feet or imire. The ideal form has steep sides 
and a narrow top* In North America, such features are called eskers 
(Fig. 130), although the word is used somewhat differently in other 



Fi^, no. Esher resting m iround maram^ Momsw Counry^ Mntntsm, VUw 
frm the air. The former ice sheet flowed toward the observer. 


countries. This term is believed to have been derived from an Irish 
word as old as the Christian era, signifying a ridge or path. Eskers 
are the most conspicuous features of the landscape in parts of central 
Ireland, where they were used as footpaths by early inhabitants be¬ 
cause they stood above the adjacent bogg}^ lowlands. 

Probably these curious forma originated in several ways. Some of 
them were formed in subglacial tunnels; others were built in crevasses 
without roofs; still others Were built successively at the mouths of 
subglacial streams, where they emerged at the ice terminus into glacial 
lakes or the sea and were added to yearly as the terminus migrated 
backward by calving. Most of thorn appear to indicate that the in¬ 
closing ice ^d become stagnant or nearly so before the eskers were 
built. 

Records of Active and Stagnant Ice. The glacial forms described 
above fall into three general groups: (I) ground moraine (locally with 
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Md ^ mwa^, which record actively flowing ice do^ 
odtwash plains, some kame teraices, }tij«e 
k^tiea, imd eskera, whi^ reconi BtagnantJce during their buih^ 
(3) nonprtted qutwash plains, which, having been built beyond the ide 
termnuB, do not fall into either group, althougli they may be amo- 
ciatfid with either. 


As a rule, <1) and (2) do not occur in the same district. From ttiis 
we may infer that the physical conditions of former glaciers varied 
from time to time and from place to place. It is likely that the passage 
of the terminal part of a glacier from an active to a stagnant condition 
was brought about by two factors. The first was thinning of the ice by 
decrease in precipitation relative to wastage. The second was increase 
in frictional resistance to glacier flow because of either rough topog¬ 
raphy beneath the glacier, or a heavy load of drift in the ice, or both. 


Thk Glacul Agks 

Early in the nineteenth century, naturalists in Switzerland began to 
notice that the boulders and other deposits lying in the ice-free valleys 
of the Alps were identical in shape and arrangement with the deposits 
being made by living glaciers in the ice-filled valleys. They realized 
that the glaciers of the Alps, liigh and comparatively small tlien as 
now, had at some former time spread outward and downward, filling 
most of the valleys of Switzerland with ice. Carrying this inference 
still further, Louis Agassiz, a paleontologist, in 1837 announced his 
opinion that former glaciers had covered not only Switzerland but a 
large part of Europe. In publishing this bold idea he paved the way 
for the now universal belief that the climates of the recent geologic 
past permitted valley glaciers to sculpture many mountain ranges and 
permitted icc sheets to overflow vast areas in North America, northern 
Eurasia, and southern South America, At one time these glaciers to- 


Fi» 8. 131-134. Erosion of mountains by vaUay glaciers. 

Fig. 131. A mountainous region being eroded by streams. The main val]e3’’ is flanked 
by interlocking spurs. 

Fig. 132. Evolution of cirques as the dimate grows colder and iiaoirfields beoonie 
perennial. The snowfielda in the cirques generate smaU valley glaciers. 

Fio. 133. Coalescence of the sm^l glaciers to form a latfge ice tongue in the main 
valley, enlargeineiit of tlie cirques, and frost sculpture of the uplands. 

Fig. 134. Appearance of tlie mass gfter further gladatioU, followed by complete dte- 
Appoaranee of the iLaciers. The valleys have been deepened and widened, the inteis 
locking ^urs reduced, the tributaries have been left hanging e^ve the main streama, and 
rows of empty cirques, some containing lakes, scallop the uplands, Which In turn have 
been converted into knife-edged ridges punctuated fey pyranudal peaks. 
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gett^er covered more then one-third of the land area of the globe. The 
glacial invaeione occurred r^atedly throughout a total epan of more 
than a million years, and the cold times are referred to as glacial ages. 

Since the time of these pioneer observations, the work of the vanished 
glaciers has been closely studied. The general results of the study are 
summarized in the following sections. 

Forms Fashioned by Valley Glaciers. Landscapes fashioned by 
valley glaciers in mountains like the Alps are distinct from landscapes 
modeled by ice sheets. Their essential features are sho^Ti in Figs. 131- 



Fio. 135. Belknap Mountains near Lake Winnapesaukee, New Hampshire, showinjs 
proAles siniiothed by ii» sheets. Area of block, 5x4 nules. Maximum I'ohef, ISOO feet. 
Vertical exaggeration, 2 times, 

134. Figure 131 represents a mountain region sculptured by streams 
In Fig. 132 the climate has become colder, snovvfields have aecuiini- 
lated in high protected places, and small glaciers have begun to flow 
out of the snowfields and down the stream valleys.^ In Fig. 133 the 
glaciers have exjianded to the maximum size permitted by the eoldfjr 
climate. They have w^idened and deepened the valleys and have left 
the tributaries hanging above the main valleys. At the same time they, 
have beveled off the ends of lateral spurs, thereby straightening the 
main valleys. The enlargement of cirques on opposite sides of a ridge 
has reduced the ridge to a knife edge, which is kej^ sharp by frost 
wedging. Two opposing ciniucs, back to back, slice through the ridge 
to fonn a broad gap, and, where several cirques surround the base of 
a higli peak, the peak takes on the shape' of a pyramid, such as the 
Matterhorn in the Alps or the Grand Teton in Wyoming. 

In Fig. 134 the climate has grown warmer, and the glaciers and snow- 
fields have wasted away, leaving straight U-valleys, hanging tribu¬ 
taries, cirques, and jagged sharp-crested ridges that contrast sharply 
with the smoother mountains of Kg* 131. Most of the very high motm- 
tains of the world exhibit these features. 





thev^ghliu^ of S<killaM Irelai^, and 
Columbia are. moubtaino^ aod^ except fo9r‘rom'e ..^ tite ^l^^est 
havc beep receii^ more |^an once glaciated; yet i^ir landicapea:- 
^kingly from that desmW in to foregoing ahepunt the Oj^jOiS 
to ran^s (Fig; 135) are not sharp,' there to 

ho pyrarnid-like peaks. Qrquea are vei^ rare, apd the lew thah are 
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Fio. 136. Angular ine-transported erratic boulder of granite perched dn the of a 
high ridge of dolerite, Mount Tom, near Northampton, Massaohuiiette^ TIm nea^t 
outcrops of granite lie many milee a^ay. 


visible are poorly developed. On the contrary, even the .ridges are 
smoothed and rounded, and striated bedrock surfaces are present on 
them as well as in the valleys. In any one district the striae on all the 
ridges point in a single general direction. Evidently glaciation here 
did not involve frost wedging and the excavation of cirques but con¬ 
sisted chiefly of quarrying and abrasion: It is clear that these regions 
were affected not by mere tongues of ice in their valleys, but by-huge ; 
ice sheets thousands of feet thick that overtopped valley and range 
alike, as do the ice sheets of Greenland and the Anterctic Gc^tment^ 


■ today.. . ■■■■■■; ■■ . 

The area covei*ed by the former ice sheets is deteimin^ by 
the limits of the glaciated regions- The directiona of flow.ATe 


by tracing the paths followed by sia^y stoncss and boulders toiaewt 
erratics, Fig. 1^6) derived from Iqiown sources m the be^dek. 
evidence is obtained from the directions of grebes andwstriati^ the J 




Fig. i37. Extent &f glaciation of North America at the maximum of the glacial 
agej. Semufhat generalhied, especially in Arctic Canada^ on which information 
is very scanty. The boundaries between glacier ice, sea ice, and o^n sea are con- 
^utal^ hut art based on modem analogies. Arrows show generalixed directions 
of glacier flow. Note relation of Ohio and Missouri rivers to former ice margirts. 

Iq^g axes of drumlins, aiid the general tfi^ds of ^ers/ The^re^ 
for North America are shown on the generalizedpap; 137. 

By matching the drift with the bedrocks from which it was trans- 
poirted, it has been determined^ that the, former glaciers of North 
America consisted of two distinct jpasses that ori^nated iii two di^er" 
regipiis. The largest and coi^picuoiis mass originated in 
jabrlhem ^ NbiUi Aiherictt/ lit grew into a vaet ice sheet 

that spread northward into the Arctic Sea, and southward and west- 
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^*T Pennfiylvanift, llie Ohio Rivw, the MjsMari 
fijver, wd the flaat base of the Rocky Mouatains. Wheo it 

Its probably exceeded 5.000^000 square miles, tbht o# the 

wstmg Ice Slieet. The lesser mass of ijlaeier ke formed hi 

the mountams of w^tem North America. It meluded valley ghtciem 
and piedmont glaciers that thickened and coalesced repeatedly, at 
tames fonnmg a virtual ice sheet in the region between the Canadian 
Rocky Mountains and the Coast Ranges. This confluent mass of 
glaciers was 1200 mites long and 250 to 400 miles wide. South of it, 
in western United States, there were more than seventy separate ateas 
of glaciers, some of them large, <^)ccupying the higher mountain ranges. 
Very small glaciers formed even as far south as southeastern l?ew 
Mexico and southern California near Los Angeles. 

In Europe, the principal ice sheet formed in Scandinavia and spread 
south and east as far as England, the Netherlands, central Germany, 
Poland, and southern Russia. Many mountain ranges in both Europe 
and North America supported large valley glaciers, some of which still 
exist, although greatly diminished in siae. 

Direct Effects of Former Ice Sheets. The effects of the vanished ice 
sheets are considerable. Throughout a huge area in Canada north of 
the Great Lakes, the weathered mantle was stripped away, and the 
ice bit into the fresh bedrock beneath, so that today it is naked or 
thinly covered with drift. Many of the thousands of lakes in that 
vast region lie in shallow basins scooped out of the rock by the ice. 

Nearer the terminal zone the drift is more abundant. Although 
most of the material of the drift has not been moved more than a few 


miles, some of it has traveled many hundreds of miles. This is proved 
by the finding of rocks far distant from their places of origin. Slabs 
of native copper from the great copper lories of the Keweenaw Peninsula 
in Michigan have been found as far south as Missouri, and boulders 
of an unusual conglomerate containing reddish pebbles of jasper, found 
throughout Ohio, have been traced to outcrops of bedrock on the nortli 
shore of Georgian Bay in Canada. In eastern Finland, boulders of ice- 
transported copper ore were traced backward along the line of former 
ice flow. This resulted in the discovery in 1910 of Finland's most im¬ 
portant copper mine, Several isolated diamonds of good quality have 
been found in glacial deposits in Wisconsin, Michigan, Ohio, and In¬ 
diana. Their position in the deposits indicated clearly that they had 
been transport^ and deposited by the ice, but their source ia as yet 
imknown. It is inferred to be somewhere in central Canada. 
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Tbe surfaces of New England, eastern New York, and the Scottish 
BOiH^ands are strewn with glacial boulders (Fig. 136). In these regions 
of resistant rocks the former ice sheets found it difficult to grind into 
sand and silt the fragments of bedrock they acquired. From Ohio to 
the Rocky Mountains and throughout northern Germany, however, 
the much softer bedrock was more easily ground up by tiie ice, and 
therefore in these regions large boulders are rare, those found being 
strays [erratics) from regions of harder rocks far to the north. 

Influence of Former Ice Sheets on DrainEige. Many of tlie streams 
flowing away from the glaciated region were choked with glacial sedi¬ 
ments and built great deposits of outwash in their valleys. Parts of 
these deposits still remain; those made by meltwater that came from 
the latest of the ice sheets and flowed down the Mississippi valley h§ave 
been traced down to the region of the river's mouth. Ma^ny valleys 
draining toward the expanding glaciers were filled with meltwater as 
the ice blocked their mouths, and in consequence numerous lakes were 
formed. Most of these lakes were drained when the glaciers shrank 
away, but some of the largest of them, including the present Great 
Lakes, still remain, partly because the flowing ice had scooped out the 
preglacial valley floors and thus formed rock basins, and partly because 
of blockades of drift not yet cleared away. As the ice shrank, it un¬ 
covered successively lower points in the basin rims and thereby caused 
the lake levels to fall. Even though the ice has disappeared, the lake 
water is still spilling over basin rims in several places, the most notable 
of which is Niagara Falls (pp. 83, 84). The former, higher lake levels 
are still recorded in old shorelines, beaches, lake deposits, and outlet 
channels. 

The Ohio River throughout the greater part of its length is chiefly a 
product of glaciation. Prior to the advance of ice sheets into the^e 
latitudes, streams in West Virginia and Kentucky drained northwest 
and north across Ohio and Indiana. The ice sheet flowing from the 
Labrador Peninsula blocked the valleys and ponded the streams. The 
rising lakes overflowed westward acroEis the series of divides that lay 
nearest to the glacier margin, and the overflows were held in these 
positions long enough so that they were enabled to cut, along the ice 
margin, a single valjey which was followed by the regional drainage 
even after the ice sheet had disappeared (Fig. 137), This valley is the 
valley of the Ohio River. ^ 

Hie Midfiouri River in the Dajketas had a similar history. Prior to 
tl£S|$Mdal ages the lower Missouri in Missouri and the upper Missouri 
In Montana were independent streams. An ice sheet flowing southwest 
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from^e region wert of Hudeon Bay blocked tbenonnal 
age of the intervening area and forced it to flow south aloi^ the g^'aeier 
margin, thus integrating the two rivers into the single stream of today 
(Fig. 137)* 

The great former lakes Bonneville and Lahontan (p. 150) as well as' 
scores of smaller lakes tliat formerly dotted the desert basins of western 
United States were brought into existence by the relatively cool tnoist 
elimates of the glacial ages. 

Effect of Glaciers on the Level of the Sea. Whatever the cause 
of glaciation, we have no doubt as to the general effect on the sea 
brought about by the building of glaciers on the lands. Ice sheets are 
built of atmospheric moisture precipitated chiefly in the form of snow. 
All this moisture is derived ultimately by evaporation from the sea. It 
follows that the greater the amount of moisture locked, up on land in 
the form of snow and ice, the less water there is left in the sea. Al¬ 
though the area of the sea outranks tliat of the land by a ratio of about 
3 to 1, nevertheless it is estimated that the complete w^astage of all the 
glacier ice existing today would return enough water to the sea to raise 
its level about 100 feet. This would drown vast areas of land, much of 
it densely populated, and would submerge large parts of such cities as 
New York, Boston, London, and Hamburg. But the glaciers formed 
during recent geologic history covered nearly three times as great an 
area as do the glaciers of today. In consequence the level of the sea at 
those former times must have been considerably lower than it is now— 
perhaps by as much as 300 feet. 

Accurate measurements made since 1850 strongly suggest that the 
sealevel is now rising at a rate of about 2.5 inches per century. This 
rise is a direct consequence of the rapid wastage of the world's glaciers 
(p. 164) that has been in progress during the same period. 

It is evident therefore that glaciation has not only an important 
direct effect in sculpturing the land, but also aft important indirect 
effect in shifting the line of attack of the sea upon the land (Chap, 11) 
ftnd thus in influencing erosion both by the sea and by streams. 

Effect of the Weight of Glaciers on the Earth’s Crust. As the ice 
iheets formed and thickened, their weight depressed the Earth’s crust 
beneath them, and as they disappeared the crust recoiled by a slow 
warping movement that is still in progress at the present time.. The 
features on which our knowledge of these movements is based, includ¬ 
ing marine deposits now above sealevel and shorelines (p, 228) formed 
upon the downwarped crust and later deformed out of their initial hori^ 
zontality, are discussed more fully on page 356. 
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Repeated Glacial Agee. The glacial deposits of both North America 
and Europe consist of distinct layers of drift separated from each other 
by thin and very discontinuous deposits made under ice-free conditions. 
This evidence indicates that there were no fewer than four successive 
incursions of ice separated by interglacial times when climates were 
wanner. During at least one of these times the ice may have almost 
wholly disappeared, under a climate somewhat warmer tlian the pres¬ 
ent one, as indicated by fossils contained in the deposits. 

Glaciations in More Remote Geologic History, The slightly 
weathered character of the youngest drift indicates that tlie latest 
extensive glaciers in North America and Europe wasted away so re¬ 
cently that the date of their disappearance may be reckoned in mere 
thousands of years. Likewise the condition of the nldex drifts imidiop 
that the four siicresaivc ages, as a group, date probably from withii) 
the last million years or more. These deposits, however, are compaia- 
tively very recent. Occasionally there are discovered layers of rock, 
scores and even huntirods of millions of years old, that prove to be 
solidified till containing glaciated stones. Because these veiy ancient 
glacial deposits have been found in many parts of the world and in 
rocks of wholly different ages, we conclutlc that glaciation has occurred 
at several times during the remote jiast, separated by very long inter¬ 
vals during which there may have been no ice at all on the Earlh. even 
near the poles. Tlicrefrjre the study of glacial features is important in 
that it enabh's us to recognize them in deposits of various dates, and 
thus to add to our knowledge of the changing climateft of the past. 

Cause of Glacial Climates. The mean temperature that character¬ 
ized the climates of the glacial ages in middle latitudes was perhaps 
8®C. lower than the mean temperatures now prevailing in these lati¬ 
tudes, and the interglacial temperatures may have been 2 or 3 degrcc^ 
warmer than now. The cause* of these fluctuations of temperature has 
not yet been established. Several explanations have been put forward, 
but most of them do not explain all the facts. The explanation that 
seems best to fit the facts now known involves two unrelated faciors^ 
topography and solar heat. 

Topography. Glaciers are closely related to lofty highlands. The 
Iasi million years, embraring the repeated glacial ages, have consti¬ 
tuted a time of far higher lands than have characterized the Earth 
thruu^out most of its history. This span of time has witnessed the 
culmination, not only of broad elevation of the continents, but of the 
formation and upheaval of many new mountain ranges in various parts 



OLACiSmS AM> GLACIATIOW im 

of tlw wprld. Fiirtbonnaf^ the geolo^c evidence shews that the eatlier 
glacial times, dating back to remote periods in the history of the EaWth, 
wQ'e likewise times of high lands and conspicuous tnountains. In be¬ 
tween these times, altitudes were comparatively low and seas 
widespread. Higlilands are favorable to glaciation lor various reasona 
Broad uplifts of the continents increase climatic contrasts, reducing 
temperatures over the lands. The rise of mountain ranges lowers tem¬ 
peratures at their crests and erects harriers to movements of the atmos¬ 
phere- The latter effect reduces the atmospheric transmission of beat 
from loiv latitudes to high, localizes precipitation, and creates clouds 
which reflect solar radiation and thus lower the temperature at the 
Earth's surface. Thus it appears that without highlands, extensive 
glaciers could scarcely take form. 

Solar Heat. To explain the glacial and interglacial climates some 
factor other than the rise of highlands is required, for there is ample 
evidence that the lands did not rise and sink; they stood generally 
Arm while the climates changed. This looked-for factor may consist of 
fluctuation in the amount of heat emitted by the Sun. Direct measurer 
ment has shown that this amount currently fluctuates, at irregular in¬ 
tervals, through as much as 3 per cent of its average value. In order 
to create extensive glaciers a larger fluctuation would be required, but 
whether such larger fluctuations have actually taken place is entirely a 
matter of speculation. Astronomic evidence neither confirms nor denies 
them. The best we can say is that, given the highlands, larger fluctua¬ 
tions in solar radiation apparently could have brought about the glacial 
and interglacial climates that are clearly recorded by the geologic evi¬ 
dence. 

Once a large glacier is formed, it is to some degree self-extending, 
chiefly through the creation of winds that flow outward beyond it, 
reducing temperatures and paving the way for glacier expansion, but 
also through the reflection of solar heat by the white surface of the 
ice—a factor by no means negligible, In consequence, comparatively 
small reductions in the present mean annual temperatures of northern 
Europe and North America would be sufficient to create glaciers that 
in time might expand to large size. 

Frozen Ground In temperate latitudes the moisture in the upper¬ 
most few inches or few feet of the mantle freezes during the winter.. 
cementing the ground into a hard mass which thaws out and loosens 
again in the spring. But in vast areas throughout high latitudes the 
ground is deeply frozen perennially. In some districts the depth of 
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free^^ing amounts to many hundreds of feet. The summer warmth 
tiiaws the uppermost few feet ground, but with the coming of autumn 
the thawed part refreezes. 

Perennially frozen ground occurs in regions where the mean annual 
temperature is several degrees below the freezing point. Its presence 
introduces serious complications into the problems of constructing 
buildings, highways, and railroads, as residents of Alaska, Siberia, and 
other high-latitude lands have learned by sometimes disastrous experi¬ 
ence. In addition to its practical, engineering interest, frozen ground 
is of interest to the geologist in another way. Repeated Bui)erficial 
thawing and refreezing of deeply frozen ground rearranges the constitu¬ 
ents of the mantle in a recognizable way. The effect of this rearrange¬ 
ment is seen today in localities in temperate latitudes, proving that the 
mantle in those localities was formerly perennially frozen—^unquestion^* 
ably during the glacial ages. 
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EROSION AND DEPOSITION BY WIND 

Moving currents of air have both indirect and direct geologic effects. 
'They are of prime importance in controlling weather conditions, in¬ 
cluding rainfall; and these conditions in turn govern not only weather¬ 
ing of the rocks but also erosion by streams. Winds also create waves 
and currents on the sea; thus they bring about marine erosion of 
coa^ and also establish a large part of the mechanism by which 
sediments derived from the lands are distributed on the sea ffoor 
(Chap. 11). If the atmosphere in motion performed only these indirect 
functions it would be one of the most significant geological agents; but 
its importance is increased greatly by its power directly to erode and 
distribute rock material. 

J Wind Erosion 

Erosion by wind is of two distinct kinds. Loose particles of the 
mantle, such as grains of sand and silt, are picked up by moving air 
and carried from one place to another. This process is defiation (from 
Latin de + fiare, to blow away). In their motion^the wind-driven 
particles strike against each other, against pebbles and boulders on the 
ground, and against exposed bedrock; as a result additional particles 
are worn and chipped from the bedrock and from the individual loose 
pieces. This process, analogous to abrasion by running water (p. 77), 
is wind abrasion. 

N/Deflation. In regions that have large or moderate rainfall the re¬ 
sults of deflation are not conspicuous. Grass and other vegetation pro¬ 
tect a large part of the mantle, and where no vegetation exists the soil 
particles and sand grains are held together by moisture much of the 
time. In dry weather, however, clouds of dust are raised from streets, 
roads, and plowed fields, and the abundance of fine mW^nal trans¬ 
ported by a hard dry wind is suggested by the quantitf swept into 
houses. Along seashores the beach sand dries to some extent at low 
tide, and the wind blows it bit by bit. beyond the reach Of high tide. 
Storm waves and unusual tMes also carry quantities of the sand to a 
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high Ibvel,^where it becomes tJiorou^y dry and is diiven fatthtr ih-' 
land by onsluwe winds. The shores of large lakes also are favwabtfi 
localiiaes for wind work; parts of Lake Michigan, for example, are 
bordered by large areas of shifting sand. But the emntial combina¬ 
tion of conditions for effective deflation—abundant fine-gramed, dry 
mantle unprotected by vegetation—exists only rarely tmd locally 
in lands with humid climates. K^ot only is the ground frequently 
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Fim. 138. A sandstorm sweeping over Khartoum North, Ajiglo-Egyptian Sudan. Blue 

Nile Rivei in foreground. 

dampened by rain, but also the water table is near the surface, and 
much of the mantle is kept moist by capillary action (Chap. 7). Sa 
semiarid and arid regions vegetation is scanty, and the upper part of 
the mantle is dry most of the time. As fine particles are detached by 
weathering they are caught up and moved by wind; this action ex¬ 
plains in part the abundance of rock outcrops in dry regions of rough 
topography. Silt and sand carried into lowlands by streams are shifted 
in large quantities by the wind (Fig. 102, p. 149). Even when tile 
weather is comparatively quiet, the air, heated by contact with the 
hot ground, rises in whirls and lifts the dust in tall columns which move 
slowly across the plains. On a hot summer afternoon dozens of these 
colunms can be seen at the same time in different parts of a v^ide arid 
basin. During storms the air is filled with dust to great height, and 
a sheet of sand is driven along the ground (Fig, 138) - In the deserts 
of central Asia and Africa sand sti^rms are a great danger to travelers. 
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iLarge of fipe debris ii veil out of the Sahara by exeaptiohal 

winds fall in the countries of southern Europe, and also in a Mde ar^ 
of the sea as ^idenced-by dufetfalla on the decks of ships in the 
terranean and hundreds of nules off the west coast of Africa. Great 
areas in the Libyan Desert of northern Africa are littered with boulders 
and pebbles that once were scattered tju’ough a considerable thickness 
of fife-grained loose material. When the strong winds blew away the 
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Fig. 1.39. Danby Playa, Mohave Desert, California. The low hilln* are capped with 
a layer of gypomn, whiuh gives the underlying eilt anme protection'froio erotaion. Pre> 
HUinably the caps were once continuoua, and ^1 the i laterial that oiloe filled the spaces 
between the buttes has been blown away by wind. (Si nce the playa is in the lowest part 
of an int^ior basin, nothing can be carried out by running water.) 


surrounding silt and sand the coarse fragment^ remained in place, 
except that they settled down slowly as they were undermined, and so 
they have accumulated until they mantle the entire surface. 

The effects of deflation are conspicuous also in some parts of the 
Mohave Desert and other arid regions in southwestern United States. 
Sand stnrms are common in the basins (p. 116), and eve^^ strong wind 
sweeps clouds of dust from the bare surfaces of play as (Fig. 102, p. 
149). Remnants of layers that once were contihumis over some of the 
playas now form isolated knolls, the bd|hts of which give a minimum 
measure of erosion accomplished by the wind within comparatively 
recent times (Fig. 139). Numerous shallow, undrained depressions in 
arid and semiarid lauds clearly have res;i4ted from loe^tised deflation. 
Many gentle slopes above the lo^els of playas are veneered with Mesert 
paivemen^’’ consisting of pebbl^ fitted so closely togetlitcr and with 
^eir fe that the gt^eral effect suggests a mosaic. 
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surfaces result from slow removal of the fine material, narthp-fey 
^bon and partly by s^ wash, until the pebbles are emiceottttted 
to fom a contmuous layer and thus the fine material bendath is Uto- 
mted from further erosioa. 

No doubt much of the silt blowa from a deseit lowland is dropped 
ia other parts of the same basin or in neighboring basins and later is 
returned by storm waters to the playas. However, the wind canies 
much of the finest material across the mountains and drops it outside 
the regiOT of interior drainage. In this way the Gobi Desert and Other 
arid basins of central Asia have lort vast quantities of fine silt, part of 
which has accumulated as a thick cover on the hills and plains of 
noilhern China (p. 220). It is not possible to estimate the rate atj 
which the average surface of an arid region iff lowered by deflation, hut] 
the process appears to be extremely slow in comparison with stream 
erosion in regions of plentiful rainfall. Even in arid lands streams may 
accomplish considerably more erosion than the wind. It should be kept 
in mind, however, that in areas of interior drainage, such as the Great 
Basin, running water can do no more than level the surface in some 
degree by eroding material from higher altitudes and depositing it in 
the basins 115). The only actual lowering of the general surface 
through erosion is accomplished by the wdnd, i^i-hich is the one agent 
that can carry material outside the boundaries of the region. 

ExtrRTqp, aridityLifl Ti nt essentia l to effective deflation . On the Great 
Plains east of the Rocky Mountains and in similar semiarid districts, 
large quantities of the silt and sand deposited by streams during floods 
are blown from the dry floodplains and channels in times of drought 
when the streams shrink to small trickles or disappear. Not all parts 
of the uplands are protected by grass, and the wind takes its toll where 
dry soil is exposed. Many people in eastern United States were not 
aware of the existence of the “Dust Bowd” until several years of excep¬ 
tional drought in the Great Plains region, starting about 1930, resulted 
in dust storms of unusual severity. Such storms have always bean 
common in that region; but plowing up of the sod in large areas during 
and after World War I, in response to the large foreign demand for 
wheat, exposed great quantities of loose soil to wind action. Overgraz¬ 
ing of range lands in the semiarid belt has had a similar effect. During 
the most violent storms, known locally as “black blizzards,’* the clouds 
of dust cause almost total darkness at midday. Millions of tons of soil 
are moved in a single storm; some of it accumulates in local drifts that 
almost bury farm buildings (Fig* 140), but vast quantities travel hun¬ 
dreds of miles in the upper air, to sift down over wide areas in the 



U f lOIL CONBBRVATlOVnRVlCS, 


Fi^ 140 Wttd-Umn sedimntf chttfiy stlt, ptltd up jam butlamgs 

Tht mj of tSe nearesf AuMng has Mapstd undtr tht u^ti^ht Tnpp County, 
South Dakota 


Mississippi Valley Dense haze caused by fine dust from some 
worst storms has been noticeable as far east as New England 

Wind Abrasion, The abrasive eftect of AMnd-bloMij sand is illus¬ 
trated by thi‘ artificial sandblast, operated with compressed Which 
is used to clean the begrimed surfaces of stone anrl brick toik^ngs 
Along coasts the sand driven by winds abrades so effectively that glass 
in the window panes of houses has been knowm to Jose itSOTtisparencv 
during a single storm In some and regions wooden tejiagraph poles 
can not be used because they are cut down by wind-blown sand, and 
in exceptional localities the steel rails of railways have been worn 
thin by the natural sandblast The effectiveness of wmd-blown sand 
as a cutting or abrading agent is explained by the hardness and strength 
of sand grains, most of which are made of quartz Any grams composed 
of soft minerals like calcite, or of minerals such as feldspar that are 
weakened by cleavage planes, are ground or broken to bits by con¬ 
tinued wear, and the quartz grams, with some garnet and other less 
common hard minerals, become concentrated Thus, paradoxically, 
with continued use the tools of wind abrasion may bec^lped more ef¬ 
fective 

The most essential conditions for wind abrasion on a large scale are 
extreme aridity with cemsequent lack of vegetation, persistent strong 
winds, an abundance of hard sand grains, and bedrock that is fairly 
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aoft-w weft]dy eeiuanted. 'nietie coatfitionB aia combined in 

Libjisn t>esitrt, in ninibern Africa v«Bi of the Nife Yalb!y> iA the 
most rainlesa districts known. For eleven coBfe^tive years the 
station at Dakbla reported no rainhdl. Except for s few BrnaU snat^ 
tered oases around springs and w'elis the ooiratryds almoet withoiii 
vegetation. Strong winds Wow steaefily firom the luwthwesti and sinee 
there are no abrupt mountain ridges the force of the wind isnot^Beri•• 
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Fig. 141. A block of dolomito abraded by wind-blown Band. Arrow showH generfil 
direction of wind. The face F of the block was protected from abrasion by a ooverins of 
silt and gravel in which the block was partly buried. Note the grooving of the abraded 
face paiallel to wind direction (width of block about 6 inches). 

ously cheeked. In the northern part of the region there are large out¬ 
crops of weakly cemented sandstone which disintegrates easily; the 
loose sand thus formed is carried to the south, where the bedrock is 
chiefly limestone and weak sandstone. With such a combination of 
favorable factors, wind abrasion is an important process locally in 
wearing away the surface of the land. Its effects are most evident on 
the limestone, which is soft but firm and eompact, and therefore be¬ 
comes polished and grooved under the persistent action of the sandblast 
(Pig. 141). Hard objects in the rock, such as fossils or flint nodules,^ 
are brou^t into strong relief as the surrounding limestone is etched 
away, and outcrops are carved into rug^d fantastic forms. Since 
abrasion is most effective near the ground, where most Pf the coarse 
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Band moVee, cliffs told to be undercut, and slender cobuans are wcffn 
their bases until they topple over. Areas that have unusually weak 
bedrock and otlim that are mcnt favorably situated for wind attack 
iwe abraded, and the ground-up material is blown away until large 
tuidrained depreswons arc formed. None of these results is produced 
rapidly, however; at best tbe process is mctremely slow, and it is not 
possible to judge how much is accomplished directly by abrasion and 
how much by mechanical weathering combined with deflation of the 
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Fio 142 CompEunson of stones fashioned by different aisents of erctsion. The lesis 
diameter of each stone js about 4 inches 
a, Glaciated stone from till, Now KiSivenj Cniinorticut. 
h, Wave>w(.irn beach cobble, Branford, Connecticut 
c, Stream-'Worn cobble, Snake River, Washingtoni. ^ 
dy Yeiitifart, Glass Mountauis, western Texas. 


loofiPned particles. Disintegraticm and abrasion togethef pro<luce fine 
material which is carried away by the wind As Jong as Libya keeps 
its present climate tlie wind will remain the only important agent of 
erosion. Running water is a negligible factor^ as shown by the total 

/ bsenoe of modem stream channels in most of the region 

Ventifacts. A conspicuous effect of abrasion in arid regions, and in a 
more limited way along sandy coasts in moist countries, is the polish¬ 
ing and peculiar shaping of pebbles that Imve lam for a long time on the 
ground in wind-swept areas. Sand driven by the wind grinds the 
pebbles smooth and slowly cuts upon many of them slightly curved 
facets that intersect along sharp edges (Fig. 142, d ). If one side of a 
loose block of rock fronts for a Icmg time toward the prevailing wind it 
finally develops into a facet that slopes upward away from the wind at 
an angle ranging from 30to from the horizontal If the block be*- 
comes imdermined so that it tcipples into a different poi^tion another 
facet develops in the same way. Thus the number and the shape of 
facets vary considerably; but a common form of sandblasted pebble 
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is elongate. With thiw nearjjr equal faeea tiiat taper toward the endst. 
This fond suggests a Brsafl nut. Ordinarily the pebbles are made nf 
quarte and of other minerals or Jtecks of superior hardneai^^ and the 
facete have a high ppKsh. To suggest the origin of the polish and ilie 
peculiar a wind-worn pebble is called a ventifact (made hy ufindi 

Ventifacts are valued in geology not for their own sake, but because 
their presence in large numbers in a region where conditions now are 
not suitable for their formation indicates a radical change in the physi¬ 
cal envircmment after their development. For example, an ancient 
gravel deposit widely distributed in northwestern Scotland coaitains 
numerous ventifacts^ although the moist climate and consaqiAtait abun- 
dant^ vegetation do hot permit any appreciable wmd abraskm in that 
region at present. It is not to be asBumed, however, that these wind^ 
fashioned stones si^ify arid conditions at the time of their formation. 
Gravels deposited in New England near the end of the last gladal 
contain abundant ventifacts. New England was barren aiidl^bbject te 
wind abrasion at that time because the climate was cold &nd tiie ground 
was covered with sandy, stony debris released by the wasting glacier 
ice. 

^ Wind Abrasion in the United States^ No part of the United States 
is comparable to Libya as a theater of wind erosion. Even the driest 
portions of Nevada, Arizona, and eastern California have rainfall 
enougli for the development of stream channels, and it is clear that 
running water is the dominant agent of erosion and deposition in that 
region. Wind abrasion is conspicuous locally, as on the lower parts of 
the walls of narrow canyons through vrhich sand-laden wind is forced 
with unusual violence (Fig. 143). Polished rock surfaces, usually 
grooved or fluted, are developed in this way. Areas floored with weak 
sandstone and exposed to exceptionally strong winds are abraded irreg¬ 
ularly to form shallow basins that hold water after rains. The total 
effect of abrasion, however, is not large. If natural sandblasting oper¬ 
ated widely in that region we should find polished and grooved surfaces 
widely distributed. Instead, most of the outcrops are rough from 
weathering, and many surfaces are dark with desert varnish, a peculiar 
shiny black coating of manganese and iron oxides which forms very 
slowly, partly through the activities of lichens and probably also by 
oxidation of mineral matter deposited when water held in pore spaces 
of the rock makes its way to the surface and evaporat^>^ Effective 

* Dark, shiny coating^ of this kind are not restric^ted to arid regions^ Excellent 
exaunplss am found even along the Atlantic seaboard. However, the Vartnrfi is 
conspicuously displayed in arid lands only. 
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i^^iiid abradicm would prevent this slow accumulation on exposed 'Sur¬ 
faces and would rG^move atl weathered rock particles from such sur^ces. 

Pedestal rocks, which consist of wide caps supported by lender 
columns, are often cited as products of abrasion in the arid Southwest; 
bui most of them result from differential weathering (p, 49j. The 
winds help chiefly by removing loosened particles. 





Fia. 143. Cloud of sand raised by a moderate wind, head of Black Canyon, C'Dlwado 
River, southern Nevada. Violent winds sweep sand through such narrow defiles with 
great force, polishing and grooving the lower parts of the rock walls. 

. if}- 

It is concluded, therefore, tliat the only wind erosion of general im¬ 
portance in southwestern United States is performed by deflation of 
silt and sand (p. 202). Abrasion is a subordinate process, local in its 
operation. 

Wmi) Deposits 

Like running water, wind loses its carrying power for various reasons 
and drops its load of debris. Some of the reajgting depc^ts are only 
temporary; they are partially or wholly destro^d by the next Itrong 
wind. Other accumulations remain in place until by compaction and 
cementation they jbecoma sedimeh (p. 260) . Kumeroiis lay¬ 

ers of ancient sandstone am interpreted as eolrdn (wind-laid) deposits. 
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Wind-blown debris, usually sand, aecumiiUtes form rounded, 
elongate, or liregulir hillocks ^own as dimes. The growthdune 
stained bjr an obstacle, such as a stone, a bu^, or an irregn* 
larityjn thejsurface of the ground, which breaj^ the force of the wind; 
after the resulting heap of sand has grown to appreciable size it adte 
a s its own win dbreak a nd caus es further deposition. Where sand is 
abundant and winds are strong some ^unes ^^ow as^igh as feet or 
exceptionally, as in northern Africa, in southern Iran, and in the Great 
Dunes National Monument, Colorado, up to 500 or even 700 feet. If 
prevailing winds blow inland across a sandy shore a belt of dunes is 
formed (Fig. 144); such a belt, with some Exceptionally large dunes, 
exists along the east coast of Lake Michigan, where the westeiiy whuis 
blow across a large supply of beach sand. In and regions, laclc^nf 
vegetation and dryness of the ground permit the most effective accumii- 
lalion of sand grains by the wind and therefore the most extensive 
development of dunes However, the popular idea that the entire sur¬ 
face’ of a desert is mantled with shifting sand is erroneous. Arabia is 
more widely mantled with dune sand than any other large region, and 
yet the sand covers no more than one-third of the total area About 
one-ninth of the Sahara is covered with drifting sand I^arge tracts 
in all deserts are floored either with bedrock or with loose stones. Fine¬ 
grained material swept from these areas as fast as it forms; silt and 
clay particles are carried far away, and ordinarily the sand accumu¬ 
lates on the lower ground, particularly on the lee sides of low ridges 
where the force of the prevailing wind is broken, or at the windward 
bases of high, steep ranges across which the wind can not transport it. 

Even in arid districts the abundance of sand available for dune 
formation varies greatly with the character of the exposed bedrock 
In southern Nevada large areas in which the bedrock is chiefly lime¬ 
stone and shale are almost de\'oid of dunes. The most favorable bed¬ 
rock is sandstone, which becomes loose sand as it disintegrates. In 
southern Utah and northern Arizona some thick formations of sand¬ 
stone supply abundant Band to nourish dunes covering wide areas. 

Forms of Dunes. Local conditions under which dpnes are,^veJpjped 
vary widely, and consequently there is a ^ride range in shaj^ well 
as size, A general distinction can be drawn between dimee resulting 
fi^ fixed obstructions, such as hills, cliffs, and buildings,, and thipse 
that exist independently of fixed sin*face features. Dunes in the latter 
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dass are capable af moving from place to place while retaining their 
eharacterietic forms. These free-moving dunes are common even under 
moist climatic condition^wherever fhff¥u0pTy~oT^3 is so largetEaT 
nearly all vegetation isJ|ither destroyed or prevented from gaming a 
ffootfiold. However, in such regions both moisture and vegetation in¬ 
terfere to some extent with free movement of sand and thus ca use many ^ 
modifications in shapes^^ d unes. The most ideal forms of dunes, in 
Bienr greatest scale of development, are found m extremely and lands 
sUch as Arabia, the Libyan Desert, and southern P^ru. 

Free-moving dunes are of two fundamental kjndsj with relation to 
tKe'HiFecBion of the prevailing wind. These two classes are (1) tram- 
verse dunes and (2) longitudinal dunes. A wind with fairly constant 
direction blowing across an extensive source of loose sand (such as a 
sandy beach, Fig. 144) will build up long, parallel sand ridges that ex¬ 
tend transverse to the wind direction. In cross-section such a dune has 
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JFfg 144 Sand dums migrattni inland from Ptsmo Btach^ Caltforma Vkw 
looking norfhwirt Note that the long, fairly regular dune tidges^ transverst to 
the mnd direction, tend to break up into shorter harthan-hke dunes, seen in left 
foreground (See Fig, 147 ) 
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the l4?rin^ shown in Fig. 145. As the wind eeours the windward 
sand grains eroded from this slope are dumped over the crests perhaps 



Modtifled fron^ R. A, Baffnald, 

Fig. 145. Geheraliaod section throiiffh a transverse dune. Arrow shows wind direo- 
tion. Broken line indicates that sand eroded from the windward side is added to the lee 
side of the dune. 


with other sand newly transported from the general source. Since most 
of this sand falls on the upper part of the lee slope, that^slope continues 
to steepen until it reaches the angle of repose, which for dry sand 





Fiu. 146. Development of Hip^/aee On a transverse dune. Up to a certain sta^gO in 
growth of dune, wind flows evenly over crest, and Surface of dune ihas a stfeamiSned form, 
as in (a). (Da^od lines, with arrows, reiHesent flow of wind.) S&nd^grainS -CrepresWi^tod 
by dots) are moved continuously amtMs surface. As height of dune increases, flow^of nir 
is hindered on lee aide, and eddies am formed |ihere, as shown hi (b) • Band Ihgn 
latea back of crest, at t, until ^pe becomes oversfeep (broken line lielow 4, When d^dmg 
occurs to a profile of Oquilihrium (full line below s). With repetitionB of actnnif 
entire lee dope becomes a slip face, under control of gravity, as Shown by ftdl Uhe m6w 
a, in (c). 


FMigeB up to 34°. Further addition of bum! then eausea riidnig, l»d 
BB repeated slides occur the profile o| the lee face ^at jfoee) ol the 
dune becomes almost a straight line,' witii the ste^nmsei joI 
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trolled by gravity (Fig. 146). Thus the direction of the wind is clearly 
indicated by the steepness of the slip face in companson with the 
gentler windward slope. 

Transv erse d une rid ges ^e unstable, and ^ith increasing distance 
from the source of sand a ridge tends to break up into individual hil¬ 
locks. The wind continues to sweep sand not only over the crest of 
each hillock, but also along both flanks, building two long, curved tips 
pointing to leeward (Fig 147). Such a crescentic dune^is called a 
barchan (bar'kan). The barchan is the simplest, most symmetrical, 
and probably the commonest form of transverse dune. Any heap of 
sand that is freely exposed to the action of a steady wind will develop 
into a barchan. Thus the breaking up of a transverse dune ridge is only 
one method by which an array of barchans may be produced. 

Like other transverse dimes, the barchan has a slip face and a gentler 
windward slope. Therefore the direction of the wind is indicated by 
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Ftg 147. CmcentiC sand dunes (barchans') on the atr route near Artqutpa, Peru. 
Scale ts gmn by the tnen^ and by the airplane on the lee side of one dune. Note 
that the n^ht (windward side of each dune has a much gentler slope than the 
sltf face 
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Ftg 148 Qnat lonptudmal dums tn southmshm Algarta. Flott the tran-sperse 
dune fidgety especially conspicuous in fore^eund, which indicate a wind tssen- 
Ually parallel to mam rtdges and toward the ohserner. This derectton is endwated 
also by the mentation of barchans. Mam ndges probably are product of this 
prevailing wind combined with recurrent storm winds from upper left of view, 
(jShadow of airplane wmg at right.") 


the contrast in the two faces, and also by the points of the crescent 
(Fig. 147). 

^Longitudinal dunes are distinct ridges, more or less regular, elongate 
in the general direction of prevailing wind. Over large areas of the 
African deserts, dimes of this type are remarkably developed, in a 
symmetrical pattern suggesting great windrows in a field of newly raked 
hay, with nearly uniform spacing (Fig. 14fi) Although the origin of 
such dunes is not yet fully understood, the evidence now in hand indi¬ 
cates strongly that two alternating directions of wind, making a con* 
siderable angle wdth each other, are responsible, 'thus i^ Fig. 149> 
(a), a wind blowing most of the time from the direction g would form 
a typical barchan. Recurrent storms from the direction 
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Flo. 149. Possible development ul a longitudiiial dune by combined action of two 
ivind directions. In (a), the prevailing wind g tends to form a simple barchan. A strong 
storm wind n, shown in (b), modifies the form of the barchan, .displacing the creboent- 
point A and starting a new point C. Alternating action of the two wind.directli^ pro- 
duoes the sucoesaive forms (c) to («). Note that the plan of (b) is elongate genetally ^ the 
direction of p, but has a somewhat staggered course. Tlie ridge will also be very irregular 
in height and in many details of form. Compare the actual dune ridges of Fig. 148. 



Sptmee Air Phtdoa, 


Fro. 150. Longitudinal dunes devel(H>ed locally |,hrough the influence of irregular 
topography. A strong prevailing wind from the upper left sweeps sand through nairov' 
passes tntween high lulls made of bedrock. Long, narrow dunes, each tapering to a point 
downwind, result from concentration of the wind velocity along narrow lanes, with gradual 
loss of velocity on the tee side Of the hills. Beyond the points of the longh^udinid dunes, 
sand that is swept onward forms groups of small transverse dunes. Superstition Moun¬ 
tains, Lupeiiat Valley, CaUlomia. 
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with the prevailing.wmd g, would bring about the modifications ahonm 
in (h) 'trough (e). Iiregularitles of pattem in tibe main ridges seen 
in Fig. 148 suggest a similar development, witii a prevailing wind nea^rly 
parallel to the main ridges and recurrent storm winds from the left of 
the view. The spacing of the ridges and other features of these great 
longitudinal dunes present challenging problems in aerodynamics. 

Longitudinal dunes of more limited extent are formed where strong 
winds sweep sand through valleys cut into a range of hills or into the 
edge of a plateau. The funncling effect sweeps the sand in a narrow 
path and deposits it in a nearly straight ridge that tapers to leeward 
(Fig. 150). Such dunes in Arizona and in southeastern California reach 
lengths up to 2 or 3 miles. At greater distances the funneling effect dis* 
appears, and sand carried beyond the tips of the straight sand ridges 
tends to form groups of small dunes. 

Special Forms of Dunes, The growth of vegetation on sand-covered 
areas interferes with free movement of the sand and gives rise to many 
nondescript surface forms. At least one distinctive type of dune is 
developed under these conditions. Local absence of the protective vc^- 
tation permits the wind to start erosion of a ^'blowout” and to build the 
resulting sand into a U-shaped dune ‘ around the borders of the de¬ 
pression. The general plan of a dune in this class may suggest super¬ 
ficially the form of a barchan. However, the two kinds of dunes differ 
fundamentally in origin and also in important elements of form. The 
tails or tips of U-shaped dunes point to windward —^not leeward^ and 
on the inside of the curve the slope is much gentler than on the outside 
(Fig. 151). Dunes of this kind occur in local groups in sand-covefed 
areas of southwestern Kansas and in parts of the Navajo Indian Reser¬ 
vation in northern Arizona. Ancient curved dunes in Central Europe, 
now held firmly in place by vegetation, probably, had a similar origin 
under harsh climatic conditions during the last glaOial age (p. 189)« 

Abrupt irregularities of the ground give rise to complex and turbu¬ 
lent currents of wind, with resultant special forms of dunes that do not 
fit into any simple classification. For example, long, tapering ridges 
of sand are built on the lee sides of ste^, narrow buttes; piles of aand 
accumulate against the windward slopes of high ridges; sand blown 
from a plateau surface over a cliff may build up a continuous slope at 
the base of the cliff. Dunes built under other special conditions are too^ 
numerous for an exhaustive treatment here. 

* Also (Sailed a parabolic dxuie. However, the conmioiL plan differs conaderably 
from a narabola. 
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Migration of Dunes. Unless a dune is fixed in place^ by either a 
topfographic obstruction or a growth of vegetation, it is a shifting fea¬ 
ture. If more loose sand is available than the wind can transport, the 
windward as well aS the leeward slope of such a dune is built up, and 
the dune grows both in height and in the longitudinal dimension. Com¬ 
monly, however, the windward slope itself is eroded by the wind, and 
the sand grains from it arc moved over the crest, as explained in Figs. 
145 and 14fi (p. 211). By this subtraction of material from one side and 



Midifind from John T. Hath. 


Fici. 151.^ Typical U-^shaped dune, resulting from local wind erosion in dei^p sand, 
and deposition of the deflated sand around three sides of the resulting de|»ession. Aitow 
shows direction of wind. 


addition to the other the dune moves forward slowly, provided the 
wind direction is fairly constant. In this way dunes formed along a 
shore migrate inland across low country (Fig. 144), and the movement 
halts only when grass or other vegetation gains sufficient foothold in 
the sand to hold it in place. In France and some other European coun¬ 
tries belts of dunes moving from the coast have destroyed farm lands, 
forests, and villages. Along some parts of the Bay of Biscay and of the 
Baltic region the menace of dime migration has been ended by skillful 
planting of trees and shrubs. In the United States also considerable 
damage ^s been done by drifting sand, particularly near some of the 
Great Lakes and along many parts of the coasts, both East and West. 
It is necessary to build fences and other structures on the windward 
sides of railways and highways in some di^ areas to check the ve¬ 
locity of the wind and thus cause fhe sand 16 be dropped where it will 
do no harm. 

One of the largest belts of cf)a^tal dune sand is along the Bay of 
Biscay in western France; it is about 150 miles long and 2.5 to 6 miles 
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widfi. From this tract dunos travsl inland at varying rates np to more 
than IdD feet per yeatj across a low swampy area. Numerous villages 
and considerable areas of farm land have been destroyed. At Lege the 
church was taken down at the end of the seventeenth century and built 
2.5 miles farther inland to save it from the encroaching sandj 100 years 
later it had to be rebuilt again, because the sand had reached it once 
more. 

Internal Structure of Dunes, In a dune that is growing on hoiix 
windward and lee sides, successive layers accumulate essentially par¬ 
allel to the surface slopes. A dune that is actively migrating has layers 



KiO. 152. A well in dune sand, northern Egypt. The dark portion of the block repii^ 
Bents bedrock beneath the sand; the broken hne shows the position of the water table. 


formed on the lee side only, and these are subject to rapid destruction 
as the dune advances. As shifting winds modify the earlier form, the 
layers are cut across, and their edges may be covered by new layers 
fonned in different directions and at different angles. Therefore sand- 
dune deposits are characterized by extremely irregular cross-lamination 
(p. 271). 

Economic Value of Dunes. Although dunes generally are destruc¬ 
tive and barren, in some arid countries they are the only natural reser¬ 
voirs of fresh water. The sands absorb the scanty rainfall, the water 
table rises in a curve roughly parallel to the surface (Fig. 152), and at 
favorable localities shallow wells furnish enough water to form oases of 
considerable size; in northern Egypt large groves of palm trees are 
supported in this way. In some parts of western Texas, ranches get 
water from shallow wells put down at the very summits of large dunes. 

Ancient Dunes, Over a wide area between Albany, New York, and 
the Adirondack Mountains there are numerous knolls that have the 
forms of typical dunes, although they are completely covered with grass ^ 
and trees« Excavations made into many of these knolls reveal that 
they are composed of sand and finer particles deposited with the typical 
structure of dunes. It is thought that near the close of the last glacial 
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ag&y when much of the surface was mantled with deposits washed from 
the wasting ice and there was littfe protecting vegetation, the wind 
swept great quantities of rock debris from the Adirondack repon and 
formed dunes on the adjacent plain. Similar features are common in 
central Connecticut, Ohio, Indiana, and other glaciated areas. 

In Bermuda many artificial cuts reveal a peculiar limestone that has 
the cross-laminated structure of dunes. Evidently this is an old dune 
deposit similar to that'now forming along the Bermuda shores, where 
the sand consists of coral limestone ground up by wave action. Dunes 
are built of this sand, the grains become cemented, and the result is 
new limestone like that exposed in the cuts. Under exceptional condi¬ 
tions various other minerals and rocks have furnished debris that has 
been built into dmies. An area of 500 square miles in New Mexico is 
covered with dunes made of snow-white gypsum which was derived 
from disintegrating beds of gypsum exposed at the surface. Some of 
this gypsum sand is still shifting with the winds; but in many of the 
older dunes the grains have become firmly cemented. This large area 
has been set aside as The White Sands National Monument. 

The examples cited above relate to dunes which, though they arc no 
longer active, were formed in fairly recent geologic time. In the older 
sedimentary strata we recognize dune structure, now presen»^ed in firmly 
cemented sandstones, which gives a record of shifting sands in ancient 
geologic periods. 

LOESS 

What has become of the great quantities of fine material removed 
from land surfaces by deflation? Part of the answer is given by a 
peculiar yellowish, fine-grained sediment that covers vast areas in Asia, 
Europe, and North and South America. Typically it has no horizontal 
stratification, like that in ordinary sedimentary fonnations, but occurs 
in a single massive layer, 20, 50, or even more than 100 feet thick. On 
the other hand, it is cut by nearly vertical surfaces that divide the 
deposit into rough columns; for this reason it has the remarkable prop¬ 
erty of forming high bluffs along valley sides in spite of its soft, earthy 
character (Fig. 153). This sediment, so similar in widely separated 
continents, is known by the German name loess (Ifls). 

Although loess is exceedingly fine grained, examination with a power¬ 
ful microscope reveals that a large proportion of the material is not 
decomposed but consists of fresh, sharp-cornered particles of feldspar, 
quartz, calcite, mica, and numerous other minerals mingled with clay 
It is evident, therefore, that much of the material was ground un 
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mecfaanteally, {m<i that the particles thus funned were not affected hy 
cl^emical weathering before their deposition. BhdUs of IsokI snaik and 
bones of land animals are found in the deposits. Moreover^ loess forms 
a blanket of variable thickness, covering older hills and valleys of 
very irregular surfaces. The wind is the only known agent that cmdd 
deposit in this way sediments that are uniformly fine grained. General 
lack of stratification is to be expected in wind-laid silt, since the deposit 
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Flo. 153. Typical bluff of loess with vertical columnar stnicturo. Near Beverlyp 

Missouri. 

at any time is irregular, and after deposition it is worked over with the 
underlying sediments by rain, frost, worms, and growing plants. Slen^ 
der vertical tubes that are common in loess appear to represent the 
stems and roots of successive generations of plants that were buried by 
the accumulating sediment. 

Locally the unstratified loess grades laterally into deposits of similar 
silt that are stratified and have other characteristics of water-laid 
strata- Such deposits represent the action of running water on alc^s 
and in local channels, both while the wind was building up the more 
characteristic accumulations of loess and during the time that has 
elapsed since the original deposition. 

In central Europe, in the MississippL Valley, and in eastern Oregon 
and Washington, the fine material forming the loess probably was sup¬ 
plied by the dri^ floors of temporary lakes and by floodplains of 
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streanoB that drained from the wasting glaciers during the glacial ages 
(Chap. 9). While these .wide sheets of sediments lay unprotected by 
vegetation the wind picked up the finest-grained material and spread it 
out on the uplands; the abundance of fresh rock flour ground up by the 
ice movement explains the large percentage of tmweathered, angular 
particles derived from numerous kinds of rocks and minerals. 

In northern China an area as large as France is covered with loess 
having a maximum thickness of several hundred feet. Streams have 
cut canyons into it, and the quantities of yellow silt continuously eroded 
from the area are responsible for the names of the Yellow River and the 
Yellow Sea. Without reasonable doubt this vast deposit of loess repre¬ 
sents the agelong accumulation of fine debris blown from the Ordos and 
Gobi deserts and from other parts of the arid interior of China. S'hus, 
although the deposit that formed this loess was quite different in its 
origin from that in Europe and the United States, the material is similar 
because it also was prepared mechanically; in the deserts of Asia it is 
the result of disintegration and wind abrasion in an arid climate, and 
therefore fresh, angular particles make up a good proportion of the 
deposit. The Chinese loess forms the richest soil of China, and for 
centuries many of the humbler farmers in the hilly districts have made 
their homes in artificial caves dug into the steep bluffs. In these dis¬ 
tricts some of the roads used for a long time have become narrow steep- 
walled canyons as the loess loosened by travel has been removed stead¬ 
ily by wind and rainwash. 

Loess and related deposits represent only the most conspicuous ac¬ 
cumulations of wind-blown silt; unquestionably, \lust carried in the 
upper air, supplied either by deflation or by eruptions of fine volcanic 
ash (Chap. 14), settles slowly on the entire land surface and on the 
sea floor. Probably almost every layer of sedimentary rock contains 
at least a small amount of eolian deposit. Conceivably some thick- 
bedded ancient siltstones may consist of loess laid down in various 
periods of geologic history and preserved by favorable circumstances to 
become part of the sedimentary record. Most loess deposits, however, 
because of their elevated positions on the continents and the weak qha. - 
acter of the material, are subject to rapid destruction by erosion. 
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MARINE EROSION AND DEPOSITION 

The gradual crumbling of the land under the pounding of the surf 
is a fact familiar to all who have lived near the shore, especially along 
coasts composed of weak rocks. The seaward shores of Cape Cod and 
tile islands near it yield to the sea from 1 to 6 feet each year, and at the 
Resent rate these lands will disappear entirely at the end of 4bout 
4000 years, leaving only submarine banks to mark their former posi¬ 
tions. Certain stretches of the Yorkshire coast in England haVe been 
worn back a mile since the Norman conquest, and 2 miles since the 
time of the Romans. In the space of 200 years the town of Egmont, on 
the Dutch coast, was undermined and entirely destroyed by the per¬ 
sistent work of the waves. Cliffs near Dover on the English Channel 
are receding at the rate of 15 feet each year, and east of th..in the 
Goodwin Sands, now a shallow submarine bank, were formerly an 
island. The island of Helgoland off the mouth ot the Elbe, once very 
large, was being eaten away so rapidly that it would by this time have 
disappeared entirely had erosion not been checked, near the end of the 
nineteenth century, by the construction of a strong sea wall. 

All these examples concern coasts formed of weak materials, such as 
chalk, clay, and sand, but the effect of waves on r^istant rocks is the 
same except tliat erosion takes place much more slowly. 

A study of shore pir^esscs has practical value, for destruction of the 
land by the sea cad'^be stopped for long periods, measured in human 
terms, as is demonstrated by the case of Helgoland. Thousands of 
thickly populated districts where shore property is valuable have been 
artificially protected in this way. This study also furnishes answers to 
such broad.questions as these: How far can the destruction of land by 
the sea be carried? Why do not beaches, bars, and other wave-built 
features stop marine erosion? And above all, since the sea-covered 
area of Earth is three times as extensive as the land area, and since 
the Earth'is admittedly very old, #iy have tlie continents not already 
bieen destroyed by marine erosion? 

X^inetionB of the Sea. The sea, coveraffi 71 per cent of the Earth’s 
sur/ace, is a direct and energetic agent mansion. Bit by bit it tears 
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away Aha margins of land and tiiereby aids thn fitreams in |l(ieir 
wcitk of waating dijwn tha continenisk Its flomr is tbs final resting plaos 
of all tJie^ock waste eroded from the lands by waves and exirnmts^ 
by streams, subeurfaee water, glaciers, and the \«dnd. This land-dadved 
sediment is shifted for a while along the sea floor and, coming to rest, 
is ultimately solidified into the sedimentary rocks that form a conspie*' 
uous part of the Earth’s crust. 

Indirectly, too, the sea exercises a great influence on the developiuent 
*. of the Earth’s surface. Throughout the hundreds of millions of years 
of geologic time the general temperature of the Earth has never fallen 
below the freezing point or exceeded the boiling point of water. For 
this stability the nearly uniform rate gf radiation of energy by the 
Sun is chiefly responsible, but the sea also serves as an important 
stabilizer by storing up excess heat against times of lessened solar 
radiation. The great currents that carry warm water from tlie equa¬ 
torial zone into the higher latitudes and the cuiTents that transfer cold 
polar water toward the equator likewise exercise an important influence 
in distributing heat more evenly upon the Earth’s surface and in de¬ 
creasing the contrasts between climatic zones. Moreover, in the last 
analysis, ev^aporation from the surface of the sea supplies all the mois¬ 
ture borne by the winds to fall upon the lands as rain and snow. Thus 
the sculpture of the lands by streams, glaciers, and subsurface vrater 
is ultimately dependent on the great reservoir of the sea. 

Composition of Sea Water. About 3.5 per cent by weight of sea 
water consists of dissolved mineral substances, most of which have 
qome from the lands. When sea water is evaporated, more than three- 
quarte rs of its mineral content is precipitated as common salt (NaCl). 
Among the many other substances present are calcium carbonate 
(CaCOa) and silica (SiOa). Both these substWifs are removed by 
chemical precipitation and by marine organismil^hich use thenx in 
forming Uieir shells. The total quantity of the is astonishing. 
If precipitated and crystallized into a bed of solid salts, it would form 
a layer about 126 feet thick over the entire surface of the Earth. 

Terminology. For the purpose of our discussion we shall define the 
sea as the entire body of confluent salt water of the globe. This leiives 
out only the separate inland bodies of water which, whether fresh or 
saline, belong in the category of lakes (Chap. 8). Sealei^ is the sur¬ 
face of the sea, and according to variations of depth we have deep sda 
and shallow sea, each with its characteristic processes, #^ 5 osit% and 
living inhabitants. Shallow seas that lie upon a eontilKt an^ Are 
nearly landlocked are epeiric seas (Greek epeiros^ a eon^nent), At 
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preset there are but two good examples^ the Baltic Sea and Hudeon 
Bay, but at timee in the past, when the continents were far more 
widely ilooded than noW, epeiric seas were of vast extent and of great 
importance. In fact, most of the sedimentary rocks of the present 
lands were * -d in seas of this kind. 

Movements of Marine Water 

Sealevel; dFides. Although it is customary to use sealevel as a 
common datum of reference, the surface of the sea is not a perfect 
sphere. Its polar diameter is about 27 miles less than its equatorial 
diameter, and in addition there are irregular local departures from the 
spherical surface, the most obvious of which is the periodic distortion 
imparted to it by the tides. 

The combined gravitative attraction of the Moon and the Sun pulls 
the surface of the sea into two low but vast bulges, one on each side of 
the Earth. These bulges cause the tides. They are fixed with respect 
to a line connecting the Earth with the Moon, but, since the Earth in its 
daily rotation turns from west to east, they seem to move around the 
Earth from east to west. Far out at sea, the surface merely rises 
a little and then subsides again as each tidal bulge passes; but where 
tlie bulge impinges against a coast the water is dragged forward, piling 
up on the shore and then receding. 

The height of tide is determined largely by the confi|]^ralion of th e 
coas tTOn open, exposed coasts it is not more than 6 or 8 feet, and in 
nearly landlocked embayments such as the Gulf of Mexico it is only 1 
or 2 feet. In estuaries that open out toward the advancing tide, how¬ 
ever, the water piles up as it is crowded forward into the ever-narrowing 
bays. This brings about exceptional conditions, such as those in the 
Bay of Fundy, where the tide rises normally 30 to 40 feet and excep¬ 
tionally as much as 50 feet. 

These immense tidal bodies of water, ceaselessly moving in and out 
of bays and estuaries and along coasts, set up strong currents which 
scour the bottom and transport quantities of sediment. The rise and 
fall of the tides also aid indirectly in the attack the waves on the 
land by increasing their vertical range. 

Ocean Currents. The sea is affected by broad drifting movements 
confined to the several oceans. These dre ocean eurrenta. They are 
kept in operation chiefly by winds, such as the Trades, that blow stead¬ 
ily in one direction, and secondarily through the movements set up by 
differences in density of the water from region to region. 



AMD ^fiPOSniON ' jjM9 

cutmitB are no more than faint drifts. Pew travei aidre 
1.0.% 12 miles in 24 hours throu^ of>Mi watra*. Hmy affeet the 
%A flwf dii the ocmtinental shelves and eontinental slopes awd |>as8 

it with Buffieient velocity to move Bediment. In Edition ihcy 
exert a etroug indirect effect by greatly modifying the cltmates of the 
lands they pass to windward. TITie equatorial currents carry warmth 
tn the polar seas^ and polar currents bring low temperatures and ice- 
Wgfi into middle latitudes. 

Waves and Rip Currents. Waves are generated by the wind bfow- 
ing along the surface of the sea, which is thereby thrown into undula¬ 
tions. Once formed, these undulations are maintained and increatsed 
by the pressure against their windward sides and so are driven forward 
in endless succession. The wave fonn travels forward somewhat like 
the rippling of wind across a field of grain, making the stalks bow as 
each wind wave passes, but allowing each to return to its former posi¬ 
tion. However, the friction of the wind that generates waves also 
causes slow motion of the water in the direction of wave travel. 

The heights (of crests above troughs) and lengths (from crest *tQ 
crest) of waves increase with the velocity of the wind, with its duration 
in a given direction, and with the expanse of open water to windward. 
For this reason small bodies of water and protected embayments of 
the coast are not affected by great waves. 

Wave motion decreases so raoidlv with increasing depth of water 
t hat not even great storm waves can disturb the bottom at depths 
great er than a few hundred feek . Sea floors off exposed roasts are 
generally affected by waves to a depth of 200 to 300 feet, and excep¬ 
tional storm waves move fine sediment at depths as great as 600 feet. 

When a wave passes into shallow water, it becomes higher and 
shorter and its front steeper and more deeply cdhcave until the crest 
arches forward, loses its support, and collapses in a rush of water, 
forming a breaker (Fig. 158). The water in the breaker, unlike that 
of the unbroken wave, moves forward rapidly. The height of the wave 
determines tlie depth at which it will break, and therefore small waves 
break in the very shallow water close inshore, whereas great storm 
waves usually break farther out, where the water is 10 to 20 feet deep. 

Where large breakers move iMidward in shallow water the cumula¬ 
tive landward movement of the surface water is compensated by vip 
vurrents —seaward-moving lanes of water, irregularly spaced, flowing 
through the zones of breakers and dissipating in the deeper watet be¬ 
yond. At times such currents are dangerous to surf bathers. 
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BPBNCB AIR PHOTOS. 

Fig, 154• Coast ntar Laguna Beach, Calefomta, showing wave-cut cliffs and 
shallow hoffs fringed with beaches. The tide is low; hence the wave-cut benches 
seaward vf the cliffs are exposed. 


Longshore Currents. Longshore currents are set up by waves that 
strike the shore obliquely and thus have a component of motion along 
the shore. Because nearly all waves aie oblique to the shore, longshore 
currents are very common, Most longshore currents are fairly steady 
because they are caused by waves that are generated by prevailing 
winds.' Sweeping rock waste along, the (jurrents tend to remove it from 
esqaosed headlands and to deposit it in protective bays (Fig. 154). 
They are largely responsible for Bie formation of beaches, spits, and 
bars. The fine sand of Daytona Beach, Florida, includes minerals that 
occur, not in the rocks of the Florida coast but in the rocks of the 
Georgia and Carolina uplands. Fpr this re^ieem the sand is believed to 
have been swept alongshore from, farther north, where the rivers of 
Georgia and the Carolinas brmg it down to the sea out of the southern 
A$^lachians. 
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pth^ ngeaoitfi disctiesed hi^terto, un^ tfae ^rgy 
jR Riotioiia in pefjr4)nmng work* This work, like thot oJ 
Itoiiiw, oafe be classified as erosioh Ihydrauiic action, abrasion, solu^ 
fioR, RRd traiisport) and deposition. Let us consider, in tuni, each of 
these processes (except solution, the results of which are not conej^O- 
uoua in most places). 

Hydraulic Action. The damage done by storms to piers/ break* 
waters, and similar structures is a rough yardstick for measuring the 
force of sea waves. At Wick, Scotland, during a great stonn in 1872, 
a solid mass of stone, iron, and concrete weighing 1350 tons was tom 
from its place at the end of a breakwater and dropped unbroken inside 
the pier. The damage was repaired with a much larger block, weigh¬ 
ing 2600 tons, but, in a storm five years later, the waves carried away 
this one too. It is not surprising, therefore, that the faces of cliffs are 
shattered by the impacts of storm waves. Hydraulically compressed 
air is an additional factor important in eroding cliffs of fissured and 
jointed rocks. The air in the fissures, violently compressed by the 
impacts of the waves, acts as a wedge, springing out large pieces of 
rock, especially on steep, cliffed coasts. 

Abrasion, Abrasion is another important factor in the erosion of 
coasts by the sea. In shallow water the waves are well equipped for 
abrasion because they are supplied not only with the debris which 
they themselves wTCst from the land, but also with waste contributed 
by streams. ' Sand and pebbles are rubbed together and ground against 
the shore by every breaking wave, and the erosive process is enor¬ 
mously hastened by the great waves of occasional storms, which fling 
stones and even boulders against the land, and then return to the at¬ 
tack with new weapons in the form of fragments of the eroded shore 
itgelf. By this process the sea slowly advances on the land as the 
opposing cliffs yield ground. The rock fragments dislodged from the 
cliffs are angular when first seised by the waves, but as they are 
handled by the sea they become smoothed and rounded (Fig, 142, b) By 
abrasion, until they come to resemble stream-worn stones. 

Transport and Deposition. The water piled up against the shore 
by breaking waves is returned by seaward-moving currents, Which 
carry rock particles with them. The rush of breaking waves up the 
beach carries more water to the beach than the coiTespon4mg back¬ 
wash carries from it. because some of the water sinks into the beach. 
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& IhdiHtioiiy tiie onroBh baa greater velocity than tbe backwaiAu Ute 
res«^ is a sbe sortiog of tbe^toek fragmentB being bandied; fbe aais^ 
and gravel tend to accumulate on the beach, while the eilt and clay ate 
gradually moved seaward. The larger fragments are dragged hack and 
forth near the shore, and as they are abraded to smaller and smaller 
sizes (becoming rounded or flattened during the process) they are grad- 



Fia. 155. Wave-cut cliff and wide wave-cut liench cut acroHS steeply inclined sedi¬ 
mentary rocks north of Bonne Bay, Ne^'foundland, exposed at Tow tide. The beach is 
unusually scanty, it consists of a few rounded stones and boulders. 


ually shifted seaward. As they grow fine, they arc moved in suspension 
rather than by traction, and at length each particle drops out in places 
too deep to be affected by motion of the water. 

The Shore Profile.^ As waves dash against the land they carve a 
wave-cut clf# (Figs. 154, 155, 156) which slowly retreats under their 
attack, in some places at rates of several feet per year. The top of 
the cliff is undermined, falls bit by bit to the crliff base, and forms a 
beac/i made of wave-handled debris worn from the cliff and therefore 
consisting of sand, pebbles, or coarser fragments, according tO the kind 

1 Technically, the skoTelim is the line along which the sea intersects the land, 
the Bhore is the narrow *one lying bcttsien the low-tide shorebne and the high- 
tide shoreline, and the coast is a strip of indefimie width extending landward from 
the ^ore. 
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of mk ^ which the cliff u out. The beach is added to hy debris 
by the waves from elsewhme along ihe shore; inde^ Botm 
heaves have been made eWefly in this way. Sometimes tiie beach is 
partly cut away, soUKtimes it is greatly added to, but always it con¬ 
sists of rooh waste in intermittent tiranat from the cliff to deeper 
water offshore. If the rock forming tiie cliff is cut by joints and fis¬ 
sures, the waves commonly widen than and in places quarry out blocks, 
leaving ^eat masses of rock standing isolated. 

As the wave-cut cliff slowly retreats under the attack of the sea, it 
leaves behind it an ever-widening rock platform. This is the U’dvs-ctrf 
bench (Figs. 154, 155, 156). Its surface, submerged at bi^ tide and 



Fig. 156. Wave-cut cliff with beach at itel baae, wave-cut bench veneered with 
waste, and wave-built terrace made of accumulated debris. The exact form of the wave- 
built terrace is oonjecturol. 


emerged at low tide, is gradually lowered by abrasion as waves and 
seaward-moving currents sweep debris back and forth across it. The 
bench is usually covered with gravel or sand, the net travel of which 
is slowly seaward. This sediment finally lodges in the deeper water at 
the outer edge of the bench, fonning a v^ave-built terrace (Pig. 156). 

The combined profiles of the cliff, the wave-cut bench, and the waVe- 
built terrace together form the shore profile which, under the continued 
influence of the waves, gradually changes its form. The cliff retreats, 
the wave-cut bench is widened landward by erosion, and the wave-built 
terrace is widened seaward by deposition. 

The Graded Profile, The power of waves beating against a coast 
bordered by deep water immediately offshore is applied entirely to 
eroding the cliff, because the waves lose no energy by dragging bott<»n 
before they reach the shore itself. As the cliff retreats and flie wave- 
cut bench is correspondingly widened and the cliff debris increases in 
volume, more and more wave energy is spent in grinding up rock frag¬ 
ments and in transporting the finer particles to deep water. Thus Hio 
work to be done increases, while on tiiie contrary the power of the waves 
to do work along the shore steadily diminiElieB. Therefore a time comes 
when these two factors are balanced; when, in other wcwrds, there is a 
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iC^Ojse between the amount of rock waste on band atl4 the 

Wouut of wave enejrgy ayaiiable to deal with it This delioate adjust^ 
mean through which the opposed forces continually fluctuate— 
is recorded by the steepfiess of the curving shore profile (Fig, 166), 
which, by slow degrees, becomes a graded prafiley analogous to the 
graded profile of a stream (p. 81). The inclination of the graded 
profile depends chiefiy on the strength of the waves and the kind of 
rock waste being handled. 

Any disturbance of this balance results in adjustment that tends to 
restore balance. An increase in the supply of debris, for example, 
makes the profile less steep and slows up erosion of the cliff until the 
increase has been got rid of by seaward transport; an increase of wave 
energy steepens the profile and speeds up the attack on the cliff until 
the resulting increased supply of rock waste again becomes adjusted to 
wave energy. The maintenance*of the graded profile is illustrated by 
the simultaneous retreat of three wave-cut cliffs of silt and clay along 
the shore at La Jolla, California. During the 12-year period 1918-1930, 
cliff A, 21 feet high, was cut back 20 feet into the land. During the 
same period cliff B, 33 feet high, receded 15 feet, while cliff C, 54 feet 
high, yielded only 10 feet. Expressed in terms of equilibrium, this 
means that, for each foot of retreat, the highest cliff yielded the great¬ 
est volume of waste, and this had to be handled and distributed by the 
waves before the cliff could be further eroded. 

The evolution of a new shore profile into a graded profile is like the 
evolution of part of the long profile of a very young stream into the 
graded profile of a mature stream. Like the graded long profile of a 
stream, the graded shore profile flattens out as erosion and deposition 
continue. 


DEPOSITIONAL SHORE FEATURES 

The beach and the wave-built terrace have been mentioned; these 
are primary depositional features. In addition to these many shores 
are also provided with spits and bars. 

Spits and Bars. Longshore curreni^ sweep debris from headlands 
into the deeper water of bays, where, losing velocity, they dump it in 
embankments somewhat resembling railroad fills. As long as their far 
ends are free, these embankments are turned spits (Fig. 157). Waves 
drag bottom on the embankments and build them above sealevel. Spits 
not seriously impeded by transverse emrents continue to be built across 
the bays, closing or nearly closing them, and thus form bay bars (Fig. 



157. Popofusstt ‘‘Btack^*' a spit mlving into a hay haralon^ m tn^yod 
coast. Catuity Capo Cod^ Massacbusttts, The fret end of the spit is bein^ tttrmd 
shoreward by waves and currents moving past it. 


162). Other bars are built in the sheltered water between ialands and 
the mainland, "tying” the islands to the mainland. 

As a result of abundant stream deposition from the land, or warping 
of the crust, or other causes, the offshore slope of the bottom may be 
less steep than the slope required for a graded profile. Under these 
conditions the line of breakers lies well offshore. The waves drag the 
shallow bottom and pick up sediment whieh they carry forward to the 
line of breakers. Here they drop it, building up a narrow ridge or off¬ 
shore bar (often popularly called a “bamer beach") parallel with the 
general trend of the shoreline (Fig. 158). Wave excavation continues 
to seaward of the bar, until the graded profile is attained^ The bar 
itself may be built above sealevel by storm waves, inclosing a diallow 
lagoon ^ between it and the mainland. The width of the lagoon depimds 
on the seaward slope of the bottom and the size of the storm waves* It 
is commonly a mile or more and may be several miles. The ideal off¬ 
shore bar is thus a wave-built feature, in contrast with the ideal bay 

^ LaTsc lagoons are also called sounds but not all soiUids are lagoons^ A Sound 
is merely a wide strait. 
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15S. Bar, prohahlj of the offshore type, near Wtlmmffm, North Carolina. 
Lagoon and mainland appear to the left; tn the background the bar is broken by an 
inlet The seaward slope of the bar, a popular bathing beach, is protected by 
ffoms, several of which are visible. 


bar, which is built by longshore currents. Doubtless most bars have 
been built by interplay of the two processes. 

In general, the Atlantic and Gulf coasts of the United States exhibit 
nearly continuous bars, with bays and lagoons developed on a large 
scale. At Cape Hatteras (Fig. 169) the bar is about 20 miles from 
the mainland, but along the east coast of Florida, aa at Palm Beach and 
Miami Beach, it is near shore, and the lagoon in consequence is very 
narrow. Both Atlantic City, New Jersey, and Galveston, Texas, are 
built on bars. In 19(K) a disastrous flood oceviJapA at Galveston when 
hi^ seas, driven by a hurricane, rose 15 feet lil«J^their normal height. 

In the graded-profile concept, we can now the answer to the 
question often asked, and repeated at the begging of this chapter; 
Why do not beaches and bars stop erosion by wpi^T Like their coun- 
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bars biutt b^ Btreaau, the bu«, and bfeaibaa bi^ 
by W ifftves and currents are temporary^ (lifting atrtictun^,' Ji»t as 
a good may modify iSt des^ay one si these biiiM‘a 

neir one, so a single storm may work great changes s^ong a shore. 
cliff and bench are far more dur¬ 
able features. 

shobe: protection 

Buildings and other costly struc¬ 
tures standing close to the shoreline 
frequently require protection from 
the erosional inroads of the sea. 

Three general methods are em¬ 
ployed to combat erosion of the 
shore in such places. One is the 
construction of seawalls along the 
shore and of breakwaters offshore. 

The waves are obliged to attack 
and destroy these structures before 
they can resume their erosion of 
the ground back of them. A sec¬ 
ond method is the construction of 
groins—low Avails extending from 
the shore out into the water (Fig. 

158). Groins are effective in many places where longshore currents are 
loaded with debris, because they check the currents and cause the de¬ 
position of the debris between the groins, thus forming a new beach 
which protects the land behind it. A third method is the hauling or 
pumping of sand from elsewhere on to the strip of shore to be protected- 
Ordinarily this operation has to be repeated annually and is used com¬ 
monly in conjunction with the construction of groins. As shore prop¬ 
erty becomes more and more intensively utilized, protection of the 
shore will become an increasingly important problem. 

The Gbomorphic Cycle along Coasts 

The chief erosional shore features—^the wave-cut cliff and bench— 
occur in combination with the depositional formsr-^the waVe-built ter- 
tace, the beach, and the various kinds of bars—giving seemingly end- 



Fig. 159 Lar/^e bars inrloHUig bayi 
and lagoonK, in the region of thp (^arohni 
capeB. 
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Jess variety to shorelioea. Yet upon analysis these eomhinations are 
found to be the result of orderly and systematic development condi- 
Idoned principal^ by the initial configuration of the coast befOTe the 
rimre processes began to sculpture it. In order to visualise this 
sequence, let us select two ideal initial coasts of very different types 
and trace tlie changes that will gradually take place in each, grouping 
them into stages of youth, maturity, and old age, as was done in the 
discussion of the fluvial cycle. 

Bold Embayed Coasts. A bold coast marked by deep bays between 
pronounced headlands, with comparatively deep water and some islands 
offshore, is sltown in Fig. 160. This general type of coast occurs in 
northeastern Ntuth America and most of western Europe. Its irregular 
shoreline is the result of depression of the land or actual rise of sea- 
level, or both, drowning the valleys and thus forming the bays. ‘Wave 
attack is concentrated cm headlands and islands, as the waves can not 
effectively reach the sheltered bays (Fig. 161). Cliffs are cut into the 
seaward shores of the islands and exposed headlands, and those parts 
of the headlands where the rock is weakest are quickly indented, form¬ 
ing little coves between small promontories of more resistant rock. 
As the headlands are cliffed, the debris first eroded sinks out of sight 
into the deep water at their bases. Gradually, however, the headlands 
are cut back until the rock waste supplied by their erosion is built up 
into the zone of wave action, where it forms beaches frin^ig the cliffs 
Longshore currents generated by oblique waves sweep past the cliffed 
headlands and carry part of the beach material into tiie deeper water 
of the bays where it forms spits and bars. Figure 162 shows several 
spits, a bay bar, and an island tied to the mainland. 

While these features are being built with the debris of the crumbling 
headlands, deltas are being built out by the larger streams into the 
heads of ^omc of the bays, which become fringed with tidal marshes 
(p. 155) in protected stretches where aquatic vegetation can grow 
undisturbed. 

As the islands are cut away, the headlands cut back, and the bays 
correspondingly shortened, the shoreline becomes much simplified (Fig. 
163). The truncated headlands are now connected by nearly con- 
tinuouB bars, and the bay heads are filled with sediment washed in 
by the streams. This simplification of the,.^gbofeline ia the work of 
the stage of youth. ^ ^ 

When the headlands have been completely away and the bay- 
head fillings removed, the shoreline is sfflid to tot mature (Fig. 164). 
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The can now attaeic 
13ie t^orolme, except) 

that stretdbos comjsosed of 
weak rocke will continue to 
form indentations^ while 
those composed of stronger 
rocks will form promonto¬ 
ries. Along the whole shore 
are cliffs as high as the 
height of the land above the 
sea. The submerged wave- 
cut bench is as broad as the 
original headlands were 
long, a wave-built terrace 
extends seaward beyond it, 
and the combined profile of 
the two features has be¬ 
come a graded profile, across 
which waste from the cliffs 
is slowly shifted, adding 
to the terrace and complet¬ 
ing the filling of the bays 
vnth sediment. A long pe¬ 
riod ensues, marked only by 
retreat of the cliffs and 
widening of the bench and 

Figb. 160-164. Evolution of one 
type of Bhoreline on a bold embayed 
coaat. {Modified after D> W. Johnr 
non,) 

Fig. 160. Initial ronditionmarked 
by deep bays, headlanda, and islanda. 

Fig. 161. Clifi&ng of headlands. 

Fig. 162. Formation of beaches 
and Bpite; an island has been tied to 
the mainland by a bar. 

Fig, 163. Formation of trun¬ 
cated headlands connected by bars, 
forming a much-simplified shore¬ 
line. The shortened bays are being 
filled with stream deposits and vege¬ 
tation. 

Fia. 164. Headlands and bays 
destroyed and shoreline simplified 
to the greatest possible extent. 





299 


^WmCAL GEOLOGY 



terrace. Aa the bench and 
terrace widen, the farce of 
the waves reaching the 
shore becomes correspond¬ 
ingly feebler, 

* Old age is attained when 
the sea has cut so far inland 
that the waves spend most 
of their force in friction upon 
the shallow bottom as they 
roll across it and so make 
but a feeble attack upon the 
shore. After this stage is 
reached, further retreat pro¬ 
ceeds very slowly, but the 
wave-cut bench gradually 
widens. 

Low-Plain Coasts. Fig¬ 
ure 165 shows a quite dif¬ 
ferent kind of coast—a low 
plain devoid of bays and 
peninsulas and having ex¬ 
tremely shallow water off¬ 
shore. Such a coast results 
from the spreading of great 
quantities of alluvium into 


Figb. 165-169. Evolution of one 
type of shoreline on a low-lying 
plain coast. (Modified after Z>. TT. 
JohjiBon.) 

Fig. 166. Initial condition, marked 
by excessively shallow water off¬ 
shore. 

Fig. 160, Formation of offshore 
bar and lagoon. 

Fig. 167. Shoreward imgraiion 
of the offshore bar and beginning of 
6Uing of the lagoon 

Fig. 168. Continued migration 
of llie o^ehore bar and oonversion of 
mudi of the lagoon into tidal marsh. 

Fig, 169. Removal of the offshore 
bar and tidal marshy jpermitting the 
waves to attack the xoamland 
directly. 
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ike B|Ba faetet than the waves eon attack and remove it, as happen 
where a great river like the Mi^issippi is building a delta. It may 
result also from emergence that brings a broad area of shallow s^a 
floor out of water. As a result of the shoal water, the waves drag bofe^ 
tom well offshore and pick up sediment which is dropped at the 
of breakers, gradually building an offshore bar {Fig. 166). Built up 
above sealevel by storm waves, the bar forms islands inclosing a 
lagoon. 

The sea floor outside the bar is gradually excavated by the waves, 
the eroded material is added to the bar, and the profile is converted 
into a graded profile. The waves are then able to break with force 
against the bar itself, eroding its seaward face. Part of the re* 
suiting debris is carried out to sea, and during storms part is thrown 
over the bar into the edge of the lagoon. By this process of erosion of 
its seaward face and deposition on its lagoonward face, the bar is grad¬ 
ually shifted landw^ard (Fig. 167). At the same time longshore cur¬ 
rents may add to the length of the bar by building out one or both of 
its free ends. 

Meanwhile the lagoon, rarely more than 20 feet deep at the start, 
is slowly filled w’ith sediment washed into it from the land, as well as 
with the debris thrown over the bar. Where the water is shallow^ 
enough, vegetation thrives and adds its quota to the accumulating 
sediment, locally forming extensive tidal marshes. As the bar is driven 
landward the lagoon becomes a tidal marsh throughout its extent 
(Fig. 1681. Eventually both bar and lagoon filling are completely cut 
away as the breaking waves continue their attack upon the land. The 
removal of the offshore bar ends the stage of youth (Fig. 169). 

^ After the disappearance of the offshore bar the sea launches its 
drive against the shore wdth unchecked vigor. A wave-cut cliff and 
bench are rapidly formed, and the shoreline develops minor irregulari¬ 
ties controlled by the distribution of weak and resistant rocks. The 
remainder of the process is identical with that of the Stages of maturity 
and old age on the embayed coast already described. The most no¬ 
ticeable result is the production of an ever-widening wave-cut bench. 

The significant features in the evolution of this type of graded coast, 
as compared with that of the bold coast first described, are (1) the 
creation of a profile, chiefly by erosion, from an initially too-shallow 
bottom, and (2) the absence of bay bars. It is evident that, on any 
type of coast, the rate at which the changes occur must depend on the 
resistance of the rocks and the strength of the waves. Thus, if We 
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assume equal wave strengtii; weak-rock shorelines may evolve to ma¬ 
turity while near-by re^etant-rock shorelines have progressed only 
to Hie stage of early youth. 

Much of the Gulf Coast of North America is a low-plain coast of 
this general kind. In most places it has already progressed to the stage 
of extensive bar building (Figs. 157,158, 159). 

CLASSIFICATION OF SHOBELINES 

The two examples given above are outstanding, but they are only 
two of many types of coast, each of which must be analyzed in the 
light of its own peculiarities. However, most coasts are modifications 
of one or the other of the types illustrated. Among.them might be men¬ 
tioned straight high rocky coasts free of bays and headlands (^sen- 
tially the coast shown in Figs. 61-63) and low-lying plain coasts deeply 
indented by shallow estuaries. The evolution of each will be deter¬ 
mined in part by the rocks of which it is composed and by the form it 
has at the start, but the sequence of forms developed on each will 
follow the principles implied in the two examples described. 

The great variety of coastal types has led to many attempts at 
classifying their shorelines. Two different classifications are w'idely 
used. One emphasizes shoreftriea, is based on movements of the land 
with respect to sealevel (and vice versa), and is fourfold: 

1. Shorelines of submergence, on coasts that have been depressed by 
crustal movements, or against which the sealevel has risen. 

2. Shorelines of emergence, on coasts that have been upheaved by 
crustal movements, or from which the sealevel has fallen. 

3. Compound shorelines, which are combinations of (1) and (2) 
above. 

4 Neutral shorelines, on coasts which have undergone no apparent 
change of position with respect to sealevel. 

The other classification emphasizes the coast as a whole, is based 
primarily on the extent of modification of the land by shore processes, 
and is twofold: 

1. Primary or youthful coa^sts, whose form is principally the result 
of nonmarine agencies. 

2. Secondary or mature coasts, whose form primarily the result of 
marine agencies. 

Probably no classification can' be wholly satisfactory, because none 
can be fl^ible enough to allow fdr the many complexities evident in 
the history of most coasts. Nearly all coasts have been affected by 
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repaftM upward and downward movementfii of tha land relatiTO to 
seftlevel and require detail^ i&tudy not only of their form btrt also df 
their BUperficial mantle and underlying roeka before they ean be f uHy 
understood. 

Elffect of Changes of LeveL Most existing shorelines are youthful 
(sueh as those of most of New England), some are mature (sueh as 
those of the weak^rock parts of the English channel), but few if any 
are at present in old age. These facts are in large part the result of 
pronounced crustal movements and considerable fluctuations of sea- 
level that have taken place within recent geologic time. In particular, 
the shifts of sealevel incidental to the glacial ages that have occurred 
within the last million years have played a conspicuous part in deter¬ 
mining the configuration of present-day shorelines. 

The stage of old age in which a large island or part of a .continent 
is reduced by marine erosion to a broad wave-cut bench fringed by a 
broad wave-built terrace is therefore a matter of inference. We have 
no evidence tliat either the crust or the sealevel has ever stood still 
long enough to permit this stage to be developed on a large scale. Since 
a very slight uplift suffices to bring a great deal of land out of water, 
shifting the zone of wave attack and forcing the process of destruction 
to begin over again, W'e must regard the process of coastal evolution 
as a thing that practically fails of completion. 

On the other hand a broad wave-cut bench, after emergence and 
erosion by streams, so closely resembles the peneplane resulting from 
the completed fluvial cycle (p. 104) that it is difficult to distinguish 
between them, and we must admit the possibility that some peneplanes 
are, at least in part, of marine origin. 

Examples of Coasts with Complex Histories. The shoreline of 
the Atlantic coast of North America furnishes much evidence as to 
its history. Although between Florida and Cape Lookout, North 
Carolina, there is little indication of submergence, yet, northward 
from Cape Lookout to the Maritime Provinoes of Canada, the stream 
valleys are submerged, becoming more deeply so toward the north. 
The seaward parts of the Roanoke, James, Potomac, Delaware, Hud¬ 
son, and Connecticut valleys are submerged; even Long Island Sound 
appears to be a stream valley that has been submerged througlioui 
its length. As corroborative evidence, the depth of wat^ Upon the 
continental shelf deepens toward the north, and the shelf itself widens 
in the same direction. 

On the other hand a narrow strip of coast, 20 to 30 feet above sea?- 
level, from Florida to New Jersey is covered with fine-grained deposits 
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containing fnarilic fossils, and wave-cut faatuFes Dccul* also at higher 
altitudes. Thus we have evidence of both emefgeace and submergence 
along this coast, and from the differential character of the submergence 
We may conclude further that the latter was brought abont at feast in 
part by differential downwarping of the coast rather than by the uni¬ 
form rise of the level of the sea. 

The Pacific coast likewise yields evidence of both emergence and 
submergence, though evidence of mergence—^many wave-cut cliffs and 
benches {Fig. 170) lying as high as 1500 feet above sealevel—^is the 
more conspicuous. Some of the benches are warped, showing that local 
movements of the crust, rather than changes of sealevel, were at least 
in part responsible for bringing them to their present positions. In 
fact the great heights attained by sliore features and marine deposits 
on this e-oast reflect the mobility of the crust along the westem border 


170 Coast of southern California at San Pedro Hills, shoioini 
benches high above present sealevel, emerged as a result, at least tn part, of local 
upwarpittg of the crust A particularly distinct emerged bench and cliff are shown 
fotmng Portuguese Point, tn the left foreground A cmptcuous cliff and bench 
are developing at the present sealevel 
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of Ii|«rtli<A3a£ri«A^ «tierea« tiie efawi^tsr of the Atlaatie oooiBt .reflo^ 
i|iodi lees iliatiurbed eonctitjiims. 

Pfltte of the Goff coast MC bordered, lUre the ^tlaatie oowt^ wWi 
filightly merged shore features, but near the l^sedssippi the preseat 
shoreline is somewhat embayed, indicating snbmergence, possibly as 
a reenilt of subsidence of this part of the coast under tiie we^t of the 
vast load of sediment dumped into the Gulf here by the great river. 
West of the Mississippi, the Gulf coast seems to have a very neal^ 
neutral shoreline, consisting apparently of the old deltas of the Brmtos 
and Trinity rivers and other streams. 

These examples indicate the complexity of most coasts and serve to 
show how the study of shore features leads to inqmrtant inferences 
regarding the history of the lands to which they belong. 

Islands and Coral Bxibfs 

Islands. The sea contains both islands and shoals. Many of these 
are the tope of hills, mountains, and larger land masses that have been 
submerged. Most of the islands off New England and the British Isles 
were so formed. Others, including Bermuda, the Aaores, many of the 
smaller West Indian islands, and the majority of the smaller Pacific 
hlands including the Hawaiian group, are volcanic cones built up On 
the sea floor. Smaller islands are sometimes formed by the rock 
residuals left by wave erosion, and by deposits in the form of bars. 
iX^ral Keefs. In the warm shallow water around many tr<^ical and 
subtropical islands, especially in the Pacific, coral reefs abound. They 
are estimated to have a combined area of half a million square mites, 
and the calcareous debris resulting from their erosion by waves is 
spread over a much greater area of the sea floor. Corals' (polypS)i, 
other shell-forming animals, and lime-secreting marine plants bwltl 
these elaborate reefs of calcium carbonate which they secreite^as limy 
skeletons outside their bodies. The corals reproduce by budding 
plant-like fashion, so that colonies of nmny thousands of individusw) 
each living in its own tiny protecting ehamber like a elilf dweller ip >K 
city of stone, cennbine to bmld a structure of great sine. ^ 

As the colonies expand and build upward, ^e ^der orgfn^isins 
and gradually the dead base is buried by the growth ^ new gBBeratio|ifi 
and by thp debris broken by storm waves from the parts ^jsve. ^ 
aceamulsting depositis eventually cemented mto % i^te spei^ liin^ 
stone upon whose upper surface the living arganhnpa 
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Ilie reeultiag elaiicture is a cored reef. Its upward growth eeasog wheo 
ita surface reaches sealevpl, for most of these organisms can stand ex¬ 
posure to the air for only a few hours at a time. Over the reef the 
waves swirl and break, and at its outer edges, where oxygen, calcium 
carbonate, and food material are most abundant, corals thrive best. 

Coral reefs are sharply limited in their distribution by the depth 
and temperature of the water, because the reef-forming organisms 
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Fig. 171. Growing corals, visible at low tide, on the Gieat Barrier Reef of Australia. 

View looking across the lagoon toward the mainland 20 miles away. 

thrive only where the water is clear, shallow, And wann. They prefer 
temperatures above 68°F., and they live where the water is less than 
about 200 feet deep. 

Types of Reefs. According to their position and form, coral reefs 
have been grouped into three general classes: fringing reefs, barrier 
reefs, and atolls (Figs. 172-174). Fringing reefs lie close against the 
shore, forming platforms exposed only at very low tide. Barrier reefs 
lie at some distance from the shore, separated from it by shallow 
lagoons. Breaks in these reefs are kept open IjjriQie tides, so that the 
deeper lagoons make excellent harbors. of the high volcanic 

islands of the Pacific as well as islands in the Caribbean region are 
girdled by such encircling reefs. The west coaei of the island of New 
Caledonia has a barrier reef 400 miles long, AiWl the eastern coast of 
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Austin^fia^ha^ <me 1200 milee long. The latt^ lies 20 to 30 mites from 
shore, and itfi great lagoon hits a depth of lOO to 200 feet. Atolls are 
ring-shaped reefs inclosing circular lagoons ihstead of islands* Gener-- 
ally there are breaks in the reefs, which afford access to the lagoons. 

Fringing reefs are formed by 
organisms attaching themselves 
to the rocks in the warm shal¬ 
low water near the shore. Bar¬ 
rier reefs and atolls are gener¬ 
ally considered to have evolved 
in three ways: 

(1) By heightening of 
fringing reefs, as the islands 
about which they were formed 

subsided gradually below sea- "" i ; 

level. A fringing reef is built ^ 

around a volcanic island, which 
begins to sink. Since corals 
thrive best on the seaward 
margin of the reef, it is only 
on that margin that the corals 
can grow fast enough to coun¬ 
teract the sinking of the island 
and keep themselves in shal- Fiqb i 7S-174 Types of coral reefe. 

low water. Oontinued sinking Fio. 172, FniiginK reef growixis^ around the 

drowns the inner part of the of a volcamc island. 

... , Flo. 173. Barrier reef grown upward from 

reef, forming a lagoon pro- fnngmg reef during either smlfing of the 

tected by the growing outer walevel. The wef now in- 

- . , . 1 . • 1 cl<>sos a lagoon. 

fringe and causing the original pig. 174. AtuU grown umrud from a 

fringing reef to become a bar- further nibmeigenM of 

® the island. 

rier reef. As subsidence and 

erosion continue, the volcanic island finally disappears below sealevel, 
and the reef becomes an atoll. 

(2) By reef building on wave-cut benches during rise of sealevel. 
According to this view, the lowering of sealevel, caused by the removal 
of sea water to build glaciers during the glacial ages, destroyed pre¬ 
existing reefs, checked by lowered temperatures the furthac growth 
of corals, and brought about the emergence of many wave-cut bench^ 
on tropical islands. With the later warming of the sea and rise of 
sealevel that accompanied the shrinkage of the glacters, coral growth 
on the benches was resumed, especially on their seaward mar^ns where 



Fig.m 




PHtSICAL GEOLOGY 


m 

comditioB^ are most favorable. Upgrowth kept pace with rise of the 
sealevel, thus forming tbe'present Wrier reefs and atolls, 

(3) By upbuilding of reef structures on shallow submarine banks 
and island-fringing platforms not more than about 200 feet below sea- 
level (the normal depth range of the principal reef-forming organisms). 
For such growth, neither subsidence of islands and banks nor rise of 
sealevel is required. The reefs are slowly built up toward sealevel, 
where, favored chiefly at their seaward margins, they form atolls and 
barrier ’•eefs. 

Probably some of the existing barrier reefs and atolls have evolved 
in each of these ways, and some by a combination of t^vo or all of them. 

The Sea. Floob and the Sediments on It 

Deep-Sea Basins and Qontinental Shelves. The enormous depres¬ 
sions that contain the greater part of the sea are the largest individual 
features of the Earth's crust (Fig. 2). Not only is their combined 
area more than twice that of the continental masses, but also they 
attain a maximum known depth of more than 6 miles and an avet^Age 
depth of 2.5 miles, whereas the average height of the continents (above 
sealevel) is only about 0.5 mile. So vast is the volume of the deep-sea 
basins that, if tlie continental masses WTie planed down and their de¬ 
bris dumped into the basins, leveling the Earth to a smooth spheroid, 
the sea would cover the entire Earth to a depth between 1 and 2 miles. 
Even this depth, how^ever, is slight in comparison lyith the diameter of 
the Earth. If, for example, a globe 3 feet in diameter were dipped into 
water and then withdrawn, the film of moisture adhering to it would 
represent to true scale a sea one-half mile in depth. If, in drying, .the 
globe should w'arp so slightly as to lessen its diameter at any place by 
only one-hundredth of an inch, the change 'would correspond to the 
depth of one of the deep-sea basins. 

From this emerges the important fact that a very slight warping 
of the Earth's crust as a whole produces very great changes in the 
volumes of the deep-sea basins. Downwarping of their floors greatly 
increases their capacity and draws water away from the continental 
shores. Upw'arping of the basin floors notably decreases their capacity 
and forces the water to rise and creep landward across the lower parts 
of the continents. The presence of widespread marine deposits high 
and dry upon the land, and on the other hand the presence beneath 
the sea of deposits that were clearly made on land, suggest that up- 
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yrarpiag 'and down^iupiiig bave occurred repeatedly tbroui^iout 
history of tibe Earth, 

The term hostn su^este a coixeave depressm, but the deepHsen 
bafiiiis are depressions only by comparison with the ttobtinental masses 
for because they are very (dballow compared with the iElar&’s xadhjB 
their floors are actually convex (Fig. 2). At present the sea mo^e 
thw fills its basins, and, spilling over them, it floods the margins of 
the continental masses, covering the continental shelveB with shaUpw 
water (Figs. 2, 175). The shelves are widened partly by continuous 
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Fiq. 175. The four marine depth sonea at the margin of a continental (Vertienl 

exaggeration 10 times.) 


erusion of the land by the sea and partly by the deposition of sedi¬ 
ment swept seaward by marine currents. Along stable coasts where 
apparently these processes have operated with least interruption 
through a long time, the shelves are broad. Thus the shelf off the 
Atlantic coast of North America is 60 to 80 miles wide in the latitude 
of the Carolinas. The shelf off the unsteady Pacific coast, however, is 
in many places less than 10 miles wide, perhaps because throughout 
recent geologic time this part of the continental mass and the adjacent 
deep-sea floor have not stood still long enough to allow a broad shelf 
to be made. 

Topography of the Sea Floor, The continental shelves slope sea¬ 
ward at an average rate of 10 or 12 feet per mile; if the water were 
drawn off, they would appear to the eye as monotonous plains marked 
by only minor irregularities. However, the shelves (whose greatest 
depths range from about 350 feet to more than 600 feet) are separated 
from the deep-sea basins by conspicuous continental slopes with incli¬ 
nations that average 200 to 300 feet per mile. The floors of the deep- 
sea basins are marked by rises and deeps. One conspicuous elevation, 
the Mid-Atlantic Bidge, consists of a broad ridge of ahnost continental 
proportions that trends nortiheoiith throu#i the Atlantic Ocean basin. 
The deeps are not in the central parte of the basins, but lie commonly 
near the continental margins, some of them parallel with coastal moun^ 
tain ranges. They appear to be areas that have been depressed by 













176. Mmamy a conspicuout s»bmarh» vslhy off NLmtmy Bay, Caltfonuit, The contour interval is 300 foetj th 

canyon opens into the Mouter^ Ttough at a deph of 9000 feet. Other submarine valleys are vtsthle in the continental slop. 
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bi^^lpng or ^liarp bmdmg of d^-sea .floor asA pr^AmUf are re** 
lated to uplifted caatmeutal mairgm$. The Paeifie Ocean boldr tbe 
record for depth witii 35,400 feet ait a poidt east of the 
Islands. In the Atlantic, which in general is shallow^ than the Pacific, 
the HHwaukee Deep off Puerto Bioo holds the record with 30,246 
feet. These great depressskms in the sea floor correspond in area and 
in magnitude to the highest elevations on the land. The greatest deep 
lies more than 6.5 mites below sealevel, and the loftiest mountain cham^ 
the Himalaya, stands 5.5 miles above it. 

Formerly, these broad rises and deeps were believed to be the chief 
topographic features of the sea floor, which was conceived to fie 
throughout most of its extent a monotonous plain with gentle slopes 
and very little local relief. This belief resulted from the fact that, 
recently, soundings were made from exploring ships by the process Of 
paying out wires to which weights were attached. This operation was 
so laborious that soundings were few and too widely spaced to detect 
much local relief. Within recent years, however, there has been de¬ 
veloped a method whereby sound waves are transmitted from a ship 
to the bottom, from which they are reflected and are picked up again 
on the ship by an instrument tliat automatically calculates and records 
the depth. The position of the ship is determined by surveying meth¬ 
ods, and in this way an area of sea floor can be charted quickly. 

Sonic surveying of this kind has revolutionized our picture of the 
sea floor. Instead of the plains-like surfaces that were once believed 
to he nearly universal, broad areas of the floor are now known to 
consist of plains and high mountains, and the continental slopes are 
seen to have an intricacy of detail rivaling that of complex land sur¬ 
faces. In some places the detail appears to have resulted from local 
warping and faulting of the crust (Chap. 15) and submarine volcanic 
activity, but in others it consists of valley systems not unlike those 
that diversify the land {Fig. 176). Geologists are not agreed as to 
whether these features are valley systems cut by land streams and lato 
submerged, or depressions excavated in some manner by submarine 
currents. 

Sea-Floor Sediments. No two parts of the sea floor are exaetl]^ 
alike in the character and distribution of thoit iSedimi^ta, but eertahi 
general factors apply to them all. Slope, distance feotn shore, amount 
of sediment available, currents, temperature and os^gen content of tjhe 
water, and d^tb are the principal controls. Of ttiese eontrais deptl| 
may be the most important, for itdet^ttnines the effeefiveness pf wavet 
and currents in distributing rock waste worn from the lapds^ and ^ 
the same time, by coijtrolling the sunlight and heat that penetState id 
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the sea floor, it regulates the habitats of rock-fonaing sea animals a^d 
plants. 

The rock waste derived from tiie tand is in more or less constant 
transit seaward, until bit by bit it comes to rest upon parts of the 
bottom too deep to be reached by waves and currents, and there it re¬ 
mains as long as those parts of the sea become no shallower. Therefore 
ideally grain size should decrease with increasing depth and distance 
^om shore. While this transfer and deposition of rock waste are in 
progress, limestone is being built up in other places that are warm, 
shallow, and free from land-derived sediment (Chap. 12). 

Shore Zone. The shore zone, the area between the levels of high and 
low tide, emerges twice every day. Its sediments vary from place to 
place and from time to time. They range from gravel along steep, 
clilfed coasts t^ sand on many beaches and bars, and to silt and clay 
in protected bays and lagoons. In exposed places the sediments are 
shifted about, raked over, and sorted every change in wave strength. 
The general mantle of rock waste in transit seaward does not form a 
layer uniformly thick, for it includes conspicuous shore-zone accumu¬ 
lations such as beaches and bars, whereas in protected bays and 
lagoons, finer sediments accumulate. 

Shelf Zone. The zone of the continental shelves is one of change and 
activity. Waves and currents keep the water in motion, salinity and 
turbidity vary from place to place, and the temperature changes with 
the seasons and varies with latitude. Hence the sediments vary greatly 
from place to place. Along the bold and exposed coast of California 
the near-shore sediments include gravel and coarse sand;.off the mouth 
of the Mississippi the deposits are finer sand and mud derived from 
far in tiie interior; and bordering the low and nearly streamless lime¬ 
stone coast of southern Florida are limy deposits of very fine texture. 

Discussion of the graded shore profile brought out the fact that all 
the rock waste handled by waves and currents is in a state of intermit¬ 
tent transit seaward, toward resting places too deep to be affected by 
the motion of the w^ater. Hence we might reasonably expect that the 
average grain size of shelf-zone sediments should decrease with in¬ 
creasing distance from the shore. Indeed it was formerly believed that 
this ideal gradation commonly occurred. However, modem study has 
proved that ideal gradation is rare—that the distribution of coarse and 
fine sediments is patchy and bears little relation to present depths and 
distances offshore. The inference is difficult to escape that fluctuations 
of sealevel during the glacial and interglacial ages have played a large 
part in bringing this about. During the glacial ag^a the continental 



abelvQB all over the world emerged 'vtddely, and the l^me that has elafised 
sQiee the last glaeial age has been msnfiteient to pmnit the waves^to 
reshuffle the sedim^ts into the ideal gradation seaward frcnn the jpbes^ 
ent shores. ' 

^CofUinentaUSlope Zone, On the great slopes leading from the con¬ 
tinental shelves down to the deep-sea floors only the finer-gzained kinds 
of land-derived sediments are found. These include wind-blown as 
well as sea-borne detritus. In some areas there oecur also the o^ses 
characteristic of the deep-sea zone. 

Deep-Sea Zorue. Thousands of samples of sediments from the vast 
area of the deep-sea floor have been brought up from the depths by 
ingenious scoops let down on wires miles in length, from vessels spe¬ 
cially equipped for marine exploration. Since 1935 there have been 
developed various types of bottom-sampling apparatus that can be 
lowered to any depth. These consist essentially of a metal tube, 10 
feet or more in length, that can be driven into the sea floor. The tube 
automatically closes and is hauled to the surface, bringing with it a ^ 
core sample of the uppermost few feet of sea-floor sediments. 

Further use of such apparatus will add enormously to our knowledge 
of deep-sea sediments. The information we have at present indicates 
that vast areas are mantled with extraordinarily fine, slimy deposits 
known as ooz6.s. Their thickness is unknown, but it may be great. 
The oozes are of several kinds and are derived from various sources. 
Red clay is the most widespread variety, occurring commonly at depths 
exceeding 13,000 feet. Apparently it consists of fine wind-blown dust 
(derived both from erosion of the land and from volcanic eruptions), 
pumice (p. 309) that has floated for a time before sinking, tiny frag¬ 
ments of meteorites that have fallen directly into the sea, and also the 
insoluble residues of the shells of organisms that have sunk to the 
deep-sea floor. Most of this material is thoroughly altered by chemical 
decay; in fact its red color probably results from oxidation during its 
accumulation at the slow rate of about 1 inch in 3000 years. Another 
variety is blue mud , a land-derived fine silt and clay that forms a belt 
surrounding the continental masses. Because it accumulates more 
rapidly than the red clay, oxidation of it is incomplete; thereforo the 
sediment retains its blue-gray color instead of turning red. 

Other large areas of the sea floor are underlain by organic oozes 
formed largely of minute shells and shell fragments dropped by or¬ 
ganisms that live near the surface of the deep sea. One, the most 
widespread, is foramimf&ral ooge j (Fig. 177). It is formed largely of 
the tiny calcareous shells of For^inifera, single-celled animals which 
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float in myriads near the surface in tiie warmer parts of the sea. In 
tbe process of reproduction tlje parent emerges from its shell and sub¬ 
divides into many daughter cells, each of which in turn secretes a new 
shell and repeats the life history of its parent. As reproduction is 
rapid, the abandoned shells drift down like a perpetual snowfall into 
the depths. 

Foraminiferal ooze rarely occurs at depths exceeding 16,000 feet, 
because the limy shells, dissol^ng as they drift very slowly downward, 
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Fiq. 177, Foraminiferal ooae from the floor of the Caribbean Sea, ipo miles west of 
Marttniquo, at a depth of 2900 feet. Albatrose expedition, 1884. (Magnified 9 times.) 


are completely consumed before they can reach greater depths. Indeed, 
limy ooze is found at lesser depths only because the water at those 
depths is more nearly saturated with calcium carbonate, and hence 
solution takes place slowly. 

Radiolarian ooze is formed by the Radiolaria, another group of float¬ 
ing microscopic animals, which, unlike the Foraminifera, fashion, their 
delicate and ornate shells from silica. nnzp^. is formed the 

accumulation of the remains of diatoms, microscopic plants, which also 
secrete minute shells of silica. 

The deep-sea floor is therefore a huge ares^|j|^hlliil^ the finest of all 
sediments are quietly and continuously accuqg^^t^. These sediments 
are added to by submarine volcanic eruptioe||^ In high latitudes they 
are augmented also by the dumping of rod£\^|kginents rafted seaward 
pn floating ice. Layers of such ^'glacial'' alternating with 
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oozes in core samptes from the No^ Atlantic sea flW 
^ggest climatic j^actuatioas within the re^nt geologic pact, 
Permanence of the Deep-Sea Pasins. The oozes broU^t up from 
the great depths give evi(}euce that has an iiiipca*tant beaiing on the 
history of the Earth. The sands, muds^ and limy deposits of the 
shelf zone are gradually converted into sedimentary rocks. ITaese 
rocks are identical with many of the sandstones, siltstones, mudatones, 
and limestones found widespread in all the continents. For this and 
other reasons it is certain that these rocks of the continente Wfire 
formed in shallow seas, many of them epeiric, at various, timea whfU 
the seas overspread wide areas of lowland. In spite of the many broad 
marine* invasions, no continent has yielded a sedimentary rock proved 
to be a solidified deep-sea ooze, although such rocks do occur on certain 
islands. As far as this evidence may be relieiL om weinfer that, for 


as long a time as is recorded by the rocks, the continental masses have 


exist ed as features d istinct from the d eep-sea basins. The major 
features of the globe appear therefore to be very ancient and more or 


1^ permanent structures. ^ 

^ Deposits of the Shelf Zone as Sedimentary RcN:ks. In examining 
the sandstones, siltstones, shales, and limestones that constitute an 
important part of the rocks of the continents, we can see the record of 
repeated marine invasions of lowlands, many of the invasions having 
formed epeiric seas. The compositions of these rocks reveal the char¬ 
acter and positions of the former coasts and the depths of water off¬ 
shore; and the relationships of the shelf-zone rocks to shore-zone de¬ 
posits formed at the same time enable us to locate the actual positions 
of former shores whose expression on the surface of the land was oblit¬ 
erated long ago. These matters are discussed in Chapter 12. 
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Chapito 12 

SEDIMENTARY ROCKS 

Fundamental Impobtancb of the Sedimentary Roceb 

The-larger part of tlie Earth’s land surface is imderlaiD by sei^meB- 
tary rocks; in fact, tJicsLfflake up fgur-fiftbs of Jb ^al 
of the globe. I^eous_and metaraorphic rogks constitute tiie remaig^g 
fift L.. Because the sedimentary rocks are so widespread, th^ determine 
to a large extent the varied aspect of our landscapes. They underlie 
the vast exiianscs of the Great Interior Plains of the United States; 
in the northern Rocky Mountains they are sculptured into the tower: 
ing cliffs and peaks of Glacier National Park; and in iiie Southwest 
they are magnificently displayed in the Grand Canyon of tiie Colorado. 
Furthermore, they contain stored within themselves the mineral fuels 
coal, oil, and gas, as well as many other valuable mineral resources. 
Phis fact in itself assures their great practical interest to man. To 
the science of geology they are fundamental, because they comprise 
the most informative pages of tiie book in which the long history of 
the Earth is written. They record the extent of former seas, the ad¬ 
vance of these seas over the continents and their subsequent retreat, 
the uplift of continents, and the birth of mountain ranges and their 
ultimate destruction. To indicate in a measure how we decipher these 
records is the main purpose of this chapter. 

Sedimentati on 

The processes now at work on the Earth in wearing down the rocks, 
in transporting the debris, and in depositing the resulting sediment are 
explained in previous chapters. “Sediment” ordinarily meims the jBne- 
grained material that has settled out of a.,liquid; but as used in geol¬ 
ogy it has a far wider meaning. Not only sediments that wer e laid 
down in bqdies of water^ but also materials deposited fey a n.f,ty 
ice are included. Much coarse mat^ial also is included, as for example 
glacial and alluvial deposits containing boulders many feet in dimneter. 
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jS«d^ beiag depoe^ed or deposits so recently that 

;jl^dW:ihe; conditicms udder which they were Isid doan can^l^ seen at 
many iocalitids. In idi alluvial Ian, ior example <p. 87) , abandoned 
stream courses radiate from its apex and give ils verldcal sections into 
the tnateriai of whii$ the fan was built, ^hese sections reveal the 
nature of that materisil .and the details of its arrangement and structure 



. C. R, LmigwvJl. 

Fia. 178. Constitution and structure of an aUuvial fan as exposed in tlie steep side of u 
streain valley. The largest boulders are 5 or 6 ieet across. Grand Wash, Aruoiia, 


(Fig. 178). Recent delta deposits also can readily be exainined. A 
reservoir may for some reason be drained; it soon becomes gullied by 
raiiiwash, and the sediments that have accumulated on its floor can 
then be seen in the excellent cross-sections cut by the gullies.' The 
cores of deep-sea sediment brought up from the bottom of the North 
Atlantic Ocean in recent years (p. 249) give us vertical sections as much 
as IQ feet long of the material now accumulating tfi^e. The sediment 
contains shells of organisms that are living in the surface waters as well 
as those living on the muddy sea floor. Cjonsequently we know the 
ihylrenBaental co^ in which these sediments are accuinulatihg 

as well as the nature of the sediments themseli^es.^ ; #^ 
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Bgi welt as to many others, we apply the unifomitariau principle of 
Lyell that the present ia the hey to the past (p* ^). ^e faci^ 
tained by examining sediments now being Uid down und^lmown con¬ 
ditions help us to interpret how sediments Were f<^ed in tiie past. 

The problem considered in this chapter is the inverse of that eon*- 
sidered in the earlier chapters, which explain the processes now visibly 
operating on the Earth. The problem now before us is one frequently 
met in geology. It is this: Given a sedimentary rock, what can we. 
inf^r as to the conditions that prevailed during the deposition of the 
sediment from which the rock was formed? Whence came the 
terial that makes up the rock? Was the material carried to the p)^e 
of deposition by water, wind, or ice? In short, how much information 
can we elicit from the given sedimentary rock? 

To answer this question we must detennine the mineral composition 
of the given rock; what structures are produced by wind, water, or ice 
as transporting agents; what features indicate that the sediment was 
laid down in the sea or on the continents; and how the sediment was 
converted into rock. 

Obigin and Kinds of Sediments 

In preceding chapters we have seen how erosion tends to reduce the 
land area of the globe to sealcvel. The products of this ceaseless attack 
are twofold: one, mech|mical, comprising bits of rocks and minerals, 
collectively called detriti^ (de-trftus); and the other. chemic aL e om- 
prising dissolved substances such as calcium carbonate. These are 
carried away by a transporting agent, and eventually the detritus is 
dropped by streams, wind, or ice as a mechanically deposited sediment. 
Dissolved matter is carried to the sea or to interior bodies of water, 
such as Great Salt Lake and the Dead Sea, where part of it is even¬ 
tually precipitated in consequence of some chemical or physical change 
in the body of water. Conceivably therefore there are three classes 
of sediments: (1) de^aJJ^eediments that have been d^ositeLane,- 
jcl^nically from the transporting agent; (2) chemic^ sediments fewr^ 
of compounds that either have been precipitated from the solvit or 
else have been withdrawn from the solvent by the physiologic processes 
of plants and animals; and (3) sedimentsJormed by cpmJbiflatioxuBX „ 
the two modes of deposition. 

* I3etrita], frasiniental, and clastic are synonymems. 
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MECHANICAUiY DEPOSITED SEDIMENTS 

— r^UT- *- - ^ ^ ^ *-* 

Dstcital Sediments. Detrital sediments are classified chi^y on the 
basis of the size of their dominant particles as gra'^, ^nd 

mud or c loy. Gravel is a coarse sediment comprising boulders, cobbles, 
and pebbles Sand i s oanipoaod of grains smaller than gravel, generally 



Fig. 179. Effects of stream wear, as shown by decrees of rounding of pebbles Siae of 
pebbles about 2 inclies long< 


l^ke granulated su^ar in bize. Silt and clay are cimipnsed of the very 
finesjtgrained products of erosion, so fine-grained in fact that, unlike 
sand grains, they cohere when wet. 

San d grains and the coarser detritus in gravels are more or less round. 
At its source the detritus consists of irregular, angular pieces of rock 
bounded by joints or fracture surfaces, but as the result of impact and 
abrasion during transport the fragments lose tbeir^odges and comers. 
The farther they travel the more rounded they become (Fig 179). 
Perfectly homogeneous rock fragments become spheroidal or spherical. 
Fragments having planes of weakness, such as cleavage or foliation, 
become ovoids or flat disks. Therefore an^ilar and subangular frag- 
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& a gravel indicate that they have been carried no great die*^ 
tanee from their parent rock. As tiie pebbjes of softer and less oohi^nt 
rocks wear away faster than the more resistant fragments, diurable 
materials, such as quarts and rocks composed of quarts, and tough 
coherent rocks, such as basalts, predominate in well-rounded graved 
(hi the other hand, gravel consisting of pebbles that hive not been 
transported far may contain less durable minerals and rocks, such as 
feldspar, schist, and limestone. Limestone fragments rarely occur in 
gravels because, being soft, they are readily abraded and, being soluble, 
they tend to be dissolved. In the gravels of arid regions, however, lime¬ 
stone fragments are common because of the scarcity of running water 
to abrade and to dissolve them. 

Large sand grains become more thoroughly rounded than small 
grains. The smaller giains, cushioned by the buffer action of the film 
of water surrounding each grain, become rounded with difficulty or not 
at all, as is shown for example by the fact that mo^t of the grains de¬ 
posited at the mouth of the Mississippi River are angular despite their 
long transport. They are below the size at which rounding by water 
is effective. In general river sands are more angular than lake or 
marine sands. AVind-blnwn sands are the most conspicuously rounded, 
and in the so-called millet-seed sands, common in some deserts, the 
grains are perfect spheres whose dull-lustered surfaces resemble ground 
glass, the result of natural sandblast action. 

Quartz is the commonest constituent of sand^becay^, 
hardness" and chemical indestructibility. Because of the prevalence of 
quartz, ‘^sand” has commonly come to mean quartz sand. “Band'' re¬ 
fers only to the grain size of the particles, and many sands contain rock 
fragments and minerals other than quartz, such as feldspar. On the 
beaches of coral islands the “sand” particles are made up of broken 
bits of coral and other (Drganic remains. 

In silt and especially in clay, quartz is present in but minor amount, 
and finely flaky minerals predominate. The reason for this predomi¬ 
nance is that during transport the flaky minerals, because they cleave 
readily, become comminuted to extremely minute flakes, and thfse 
minute flakelets, because they tend to float, are slow in settling to the 
bottom. They arc so minute, in fact, that most of them can not be cer¬ 
tainly identified even with the most powerful microscope. Conse¬ 
quently in recent years the more potent method of identification by 
X-ray analysis is being used, and, latest of all, they are being studied 
with the electron microscope, which gives magnifications up to 100,000 
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f^trtPA In ibis way tiie mineral composition of even such minutely 
^ trained aggregates as clays is at last being established. 

Clay has the supremely important technologic property of being 
moldable, or plastic, by virtue of which it can be fashioned when wet 
into any desired shape and retains tliis shape on drying. This plas¬ 
ticity is caused by the contoit of flaky minerals and by the fact that 
the flaky minerals composing clay are surrounded by films of water, 
which act as a lubricant and facilitate slipping of the flakes into new 
positions when a mass of clay is forced to change its shape. 

Clay, as the product of the deposition of the finest detritus, has a 
wide range of composition. Its most characteristic components are the 
flaky minerals already mentioned that are mainly ^{drous silicates of 
aluminum.^ but include also white mica and chlorite. 

FHYSlGO-CHEMlCALLY^n)RM£D SEDIMENTS 

There remains now to account for the fate of the matter taken into 
solution during erosion of the land. Every square mile of the 40 mil¬ 
lion square miles of the Earth’s surface that drains to the sea con¬ 
tributes yearly 70 tons of dissolved matter, mainlyjialcium carbonate 
and sUica, but also other substances. In part this material is with¬ 
drawn from the sea by chemical precipitation, as by the action of some 
reagent or by some physical change such as rise of temperature, as well 
as by the physiologic processes of plants and animals; in part it re¬ 
mains dissolved and accumulates in the sea, thus increasing the salt- 
ness of the sea slowly, exceedingly slowly in fact. Many times in the 
geologic past, arms of the sea have evaporated sufficiently to cause the 
dissolved salts to be thrown down as extensive beds of rock salt. In 
the Mid-Continent region salt beds estimated to contain 30,000 billion 
tons of salt were laid down. Vast as such deposits are, they are mere 
bagatelles compared with the enormous deposits of calcium carbonate 
that have been laid down by the sea (1) by inorganic processes, such 
as precipitation caused by a decrease in the carbon dioxide content of 
the sea water; and (2) by the organic agencies of plants and animals 
whose vital processes withdraw from solution the chemical compounds 
that are fixed in the organisms. By photosyntJiesb algae extract car¬ 
bon dioxide from water; in consequence, the c^cium bicarbonate in 
solution is ehanged to the highly hisoluble compound calcium carbo- 

^ Called the ^clay minerals/’ chiefly kaolinite, montmoriljonite, illite, and hal- 
lorrite. . 
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is therefore precipitated on the plant BurfaooB^/ Baeteiial 
activity abo has been sup{^sed to cause the precipitation of 
carbonate from water carr3rfng ca^ium bicarbonate in solution (Soirals 
and other lime-secreting organisms extract calcium carbonate from sea 
water to form their skeletons or shells. The silica dissolved in the sea 
is kept down to a vanishingly small amount because it is being steadily 
extracted by silica-secreting organisms, chiefly diatoms^ radiolaria^ and 
sponges (p. 250). 

PYBOCLABTIC SEDIMENTS 

When the material blown out during volcanic eruptions settles out 
of the atmosphere, it forms pyroclastic sediments (Chap. 13). Be¬ 
cause of their volcanic origin they differ from ordinary clastic sedi¬ 
ments, which are made of material derived from the destruction of 
older rocks by weathering and erosion. Pyroclastic rocks comprise 
many extensive deposits. The finer pyroclastic material (the so-called 
volcanic ash) forms the most widely continuous deposits known. A 
single mighty eruption, such as that of Tamboro in 1815, can spread a 
continuous deposit over an area of 1,000,000 square miles. 

The rocks formed by the consolidation of these sediments are called 
tuff and volcanic breccia. They can be regarded as igneous rocks 
because they are formed by igneous activity; on the other hand they 
can be regarded as sedimentary rocks because they are made of frag¬ 
ments that accumulated according to the laws of sedimentation. Here 
they are treated as sedimentary rocks, but they form an exception to 
the rule that sedimentary rocks consist of materials derived from the 
erosional destruction of older rocks. 

SEDIMENTS OF SPECIAL TYPES 

Wind-blown sand and silt; glacial detritus, such as till; and car¬ 
bonaceous materials, such as peat, are sediments of special types. They 
are of much interest* and importance, both practical and scientific, but 
in bulk they fall far behind those already mentioned. 

Kinds of Sedimentaby Kocks 

Naturally the origin and kinds of sedimentary rocks are determiiied 
chiefly by the nature of the sediments from which they are formed, for 
a sedimentary rock is merely a sediment that has been converted mto 
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rock. The principal detrital sediments and resulting sedimentary rocks 
are, according to a somewhat simplified scheme, as follows: 


SlBDIllEENTB 

Consolidate]) Equivalents 

Oravel 

Gonidemerate and breccia 

Sand 

Arenite 


Sandstone, made up of quartz fragments 
Calcarenite, made up of calcareous frag¬ 


ments 

Silt 

Siltstone 

Mud 

Lutite 


Argillaceous (shale) 
Calcareous (calcUutite) 
Pyroclastic sedimeuts Tu£F and breccia 


The most practical classification of sedimentary rocks at present is 
based on chemical composition. On this basis they fall into the fol¬ 
lowing classes: . ' 

L Siliceous rocks. 

11. Argillaceous rocks. 

III. Carbonate rocks, mainly limestone and dolomite. 

IV. Other rocks, e.g., phosphate rock, iron-ore rocks. 

Conversion of Sediments into Rooks 

Sediments as initially deposited are generally loose, incoherent, and 
highly porous. They become converted into rocks by compaction, by 
the deposition of cement in the pore spaces, and by physical and chem¬ 
ical changes in the constituents. Not all these processes necessarily 
affect every sediment. As the result of any or all of them the sediment 
is made firmer, harder, more coherent—^it has become consolidated into 
a rock. 

Compaction reduces the initial large porosity of clay sediments. A 
growing mass of sediment increases in thickness, and the upper beds 
press more and more heavily on those imder them. In clays this sedi¬ 
mentary loading crowds the grains together, diminisbes the pore ^pace, 
and squeezes the water out of the pore space. A freshly deposited clay 
has a porosity of 50 per cent or more. time the clay has been 

buried 1000 feet it has become compacted'^ SO p«r cent of its initial 
volume; and at 5000 feet it has been redneed to ene-half its initial 
volume. Such highly compacted clays become shales; that is, 
they no longer become plastic when miaed with water. Although com¬ 
paction greatly increases the density ef ei^y, pncbably a chemical 
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dbftQgG involving dehydrntion of the constituent cl&y xniiierals is the 
actual cause that changes the clay into shal^. The sedinientaty load¬ 
ing is aceompanied by a rise of temp^ature, the result of the geotherinal 
gradient, and although the rise is small it probably suffices to dehydrate 
clay mineU'als and to destroy their plasticity. 

Another process potent in converting some sediments into roeks is 
due to the property of gelatinous constituents—the mineral jellies (the 
hydrates of silica, alumina, and iron)—to change spontaneously soon 
after coagulation, whereby they lose water and harden. Silica jelly 
(or ‘*ger') when freshly precipitated is a soft, gelatinous mass^ on 
aging, as the chemists say, it hardens into opal, and the opal may later 
crystallize into chalcedony. Changes of this kind, though affecting 
only the mineral jellies distributed in small amount through the mass 
of a sediment, can greatly increase its coherence and hardness. 

Cementation is the deposition of mineral matter in the spaces be¬ 
tween the grains of sediment. The most common cements are calcite, 
silica in the form of quartz or chalcedony, and iron oxide. These ce¬ 
ments may have been deposited concurrently with the crystallization 
of any gels that were disseminated through the sediments, or they may 
have been brought in later cither from the adjacent body of sediment 
or from afar, by ground water moving through the pore spaces. 

The conversion of a sediment into rock as a result of compaction, and 
of the hardening caused by the aging of the gelatinous constituents, 
may go on practically contemporaneously with accumulation. How¬ 
ever, it is generally postponed, and in some sediments it may never 
occur. The older sediments are generally more thoroughly consolidated 
than the younger. Formations of geologically recent origin consist as 
a rule of loose or incoherent material; the more ancient formations con¬ 
sist of hard rocks. A most remarkable exception to this general rule is 
afforded by the Paleozoic sediments of Russia and adjacent parts of 
Finland. In Karelia, Finland, is an ancient clay, of Cambrian age, 
which is commercially used in preference to the clays of Recent age. 
The Cambrian clay has remained unchanged since it was deposited as 
sediment on the floor of the Cambrian sea half a billion years ago and 
has kept its plasticity after this tremendous lapse of time. In Russia a 
Carboniferous limestone is so loose and crumbly that it resembles the 
chalk of western Europe, which is tens of millions of years youUget, 
and the coal near Moscow, though older than the coals of the world^s 
principal producing districts, has not advanced beyond the stage of 
lignite, the stage so typical of the imm^sely younger ''brown coals” 
of Germany. That these ancient sediments have not been consolidated 
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ie doubtless due to the facts that they have never been buried under a 
heavy load of superincumbent strata and that they have remained un^ 
disturbs because they are in a region of great geologic tranquillity. 

Stbatificahon 

As seen from the rim of the Grand Canyon of the Colorado, the most 
striking features of the view are the layering of the sedimentary rocks 



in the walls of the gorge and the marvelous and varied colors of these 
layers. Each layer is a bed, or stratum (plural, strata). Individual 
strata may differ greatly in thickness, ranging from those hardly more 
than a film in thickness to beds many scores of feet thick. An in¬ 
dividual stratum is generally separated from the one below it and from 
the one above it by a surface of discontinuity. As a rule the rock can 
be readily separated along these surfaces. Such surfaces of disconti¬ 
nuity are called bedding planes or strtUificatiOn planes. Stratification 
is the term applied to this arrangement in layem (Fig. ISO)^ an arrange¬ 
ment well shown in the canyon cut by the Colorado River and in count¬ 
less other river canyons of lesser depth. Btratification is generally easy 
to recognize, because strata may differ^ from their associates in color, 
composition, or texture, or in all three. The Ooibonmo sandstone of the 
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Gremd Ganybn can‘be reeo^ized ai many miles' distance by the^Iear 
wbite colour that sets it off from adlacent beds^ and m the eame way the 
Redwall limestone catchea ^ eye by its bkght red color. ,« 

Stratification is generally the most easily recognized structural fea¬ 
ture of sedimentary rocks, but it is simulated m places by other struc¬ 
tural features, such as joint planes and the cleavage of slates. Becdute 
stratification is fundamentally significant in determining the geologic 
structure of a region, ability to distinguish it with certainty from nil 
apparently similar features is of prime importance. 

Not all sedimentary rocks show stratification. Such absence of Red¬ 
ding planes in a rock suggests that it was formed in some of the less 
common ways in which sediments are known to have been deposited,, as, 
for example, the deposition of till by a glacier. 

Sedimentary strata forming today under standing water as oit, the 
bottom of the sea, or a lake or a ^gulf, are horizontal or nearly so. 
Similarly, streams that are depositing their load have a low gradient; 
consequently the resulting stratified sediments are nearly horisontal. 
Therefore, strata that are nearly horizontal, as in Fig. 180, are said to 
be undisturbed, that is, in the attitude in which they were originally 
deposited. In many places, however, we find strata that are not hori¬ 
zontal, but are inclined or even stand vertically. We are then forced 
to conclude that the strata have been tilted from their original posi¬ 
tion: in short, that they have been disturbed; in many places they have 
been profoundly disturbed. This conclusion, now a commonplace in 
geology, carries so many astounding implications that it required hun¬ 
dreds of years to become generally accepted. 

Sedimentary rocks have been forming ever since the first rains fell 
on our planet. Since then some 500,000 feet of strata (100 miles!) have 
been laid down No such immense pile has been deposited in any one 
place, however The exceptionally deep gash in the Earth s crust cut 
by the Colorado Biver exposes a pile of horizontal sedimentary rocks 
only 4000 feet thick. The deepest well so far drilled has penetrated 
sedimentary beds to a depth of 17,823 feet ^ without, however, having 
gone through their full thickness; sensitive geophysical instruniients 
used in exploring for deeply concealed mineral resources show that the 
stratified rocks extend in places to depths of 30,000 to 40,000 feel It 
is a notable fact in geologic history that, wherever sedimentary rocks - 
have accumulated during a continuous period of sedimentation to a 
thickness of 40,000 feet or thereabouts, the resulting pile was subjected 

1 As of December, 1947. 
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to {K)werful movements that acutely folded the strata and ended further 
deposition of sediments ih that particular tract of sedimentation (p. 
400). Forty thousand feet appears to be the maximum thickness of 
material deposited in any one basin of accumulation. 

Stratification is commonly caused by changes in velocity of the 
transporting agent. An obvious example is afforded by the line silt 
and clay that is deposited upon coarse gravels during times of dimin¬ 
ished flow of water on an alluvial fan. Current velocity may fluctuate 
daily, as on the outwash plain fronting a glacier, where the transport¬ 
ing competence of the streams varies enormously with the time of day. 
Such variation is vividly impressed on anyone who has had to ford the 
braided network of streams flowing out from a glacier; low water in 
the cool of the morning when melting of the ice is at a minimum, and 
flood water in tl^e heat of the afternoon, when the continuous bumping 
of boulders moving downstream^an be heard. 

More commonly changes in the velocity of streams are seasonal, be¬ 
cause of floods during the rainy season and low water during the dry 
season. 

In the sea the normal arrangement of sediments is this; coarse ma¬ 
terial lies near the shore and grades seaward into fine material—^muds. 
In times of storm, however, when a strong undertow develops, the 
coarse sediment is moved out into deeper vrater and is laid down on 
the muds that had accumulated earlier during periods of calm. This 
alternation of stonn and calm produces an interstratification of coarse 
and fine sediments. 

Another cause of stratification is a change in the kind of material 
that is being fed into the basin of deposition. Limestone beds alter¬ 
nating with shale beds indicate a marked change in composition of the 
material brought into the basin of deposition; the limestones record 
clear seas free from land-derived waste, whereas the shales record an 
influx of muddy sediments. 

Some sedimentary rocks show a regular alternation of material of 
two kinds, giving rise to the so-called banded rocks, from the banding 
seen on their outcrops. Layering of this kind suggests the influence of 
some naturally occurring rhythm: to account for the thinner layers (the 
laminae), ebb and flow of the tide and alternations of summer and 
winter have been suggested. Other cycles have been suggested to ac¬ 
count for the thicker layers (the Sun-spot cycle of 11 years, and still 
longer cycles), but convincing proof has not yet been found. 

The summer and winter layering caused by t!be annual march of the 
seasons appears to be well developed in/certain sedimentary deposits. 
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A formed during (me year is called a varve, legardtess of 

iriiBriier it Was fonsed in rim sea, a lake, or elsewfaere. Most yArves 
ocmeist of two thin laminae of dhSmng ocflor aiMi (tn m pnf tTt jon , Sucb 
laminatdS sediments occtv in glacial clays, in which sunurier, the 
of high water, is represented by a silty lamina and winter by a lamina 
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Fig. 181. Laminated lake eedimeni, from the Green River formation, Colorado. 
Shows annual layering (varying), the Itght-eolored laminae having been deposited during 
the summers and the dark lauiinae during the winters. (Enlarged 3 diameters.) 

of very smootli-feeling, ‘*fat” clay. That each couplet of silt and clay 
represents the deposit formed during a single year, like a tree ring^ is 
well established, so that the couplet can confidently be called a varve. 
Recognizable annual deposits are now forming in some lakes; and they 
are thought to have been recognized in certain marine shales, in playa 
clays, in dune sands, and in the marine salt deposits that oeotir in 
Stassfurt, Germany, and in Texas. The regular repetition of layers 
made up of laminae of unlike coipposition is easy to recognize, but to 
establish that each layer represents a year is difficult, and so far con¬ 
clusive evidence is not at hand for all laminated sediments suspected 
of being varves. The recognition of varves is a matter of great interest, 
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.however, for varves give us a meaufi of eventually establishing a 
<^bronology based on years. 

A laminated lake sediment re;^rded as of varved origin is shown in 
Fig. 181; it is from rocks known as the Green River formation, in 
Wyoming and Colorado. Each varve consists of a pair of laminae; 
<nie lamina is composed largely of calcium carbonate, and the other is 
much higher in carbonaceous matter and hence much darker. During 
the summer the lake warmed up, consequently calcium carbonate was 
abundantly precipitated, and the production of fioating microscopic 
organisms reached its annual maidmum. The carbonate, being heavier 
than the organisms, sank promptly and formed a light-colored lamina, 
which thus records the summer. The organisms, composed largely of 
organic matter, sank more slowly, however, and so most of the organic 
matter settled during the winter upon the lamina deposited during the 
summer. The pair of laminae* .thus interpreted, record a year; they 
constitute a varve. By counting and measuring the varves in the Green 
River formation, which is 2600 feet thick, it is estimated that between 
5 million and 8 million years were required to deposit the formation. 

Colors of Sedimentary Rocks 

A prominent feature of many sedimentary rocks is their color. As 
seen in natural exposures the color generally differs from that seen on 
freshly fractured surfaces. The colors seen in canyon and cliff are the 
results of weathering and generally are only skin deep, but they en¬ 
hance strikingly the picturesque qualities of such country as the Grand 
Canyon, the Painted Desert, and Zion National Park. As a rul^r, the 
color of the weathered rock is warmer and more brilliant than the in¬ 
trinsic or proper color of the unweathered rock as shown on fresh frac¬ 
ture. To illustrate: the cliffs on the western slope of the Bighorn 
Mountains, in Wyoming, are strikingly scarlet but the rock of these 
cliffs when freshly broken is pure white. 

The inherent color of a sedimentary rock is detennined by the color 
of the predominant mineral of which it is composed, and by the nature, 
amount, and mode of distribution of the pigment in the rock. Carbona¬ 
ceous matter and iron compounds are the chief pigments. They are 
present in small amounts, from a fraction of 1 per cent to several per 
cent, but the thickness of the coating of these pigments around the 
sedimentary grains is probably the chief factor in producing the colors 
of the rocks. ? 



SEIteMENTAEY EOCKS m 

QarbcKaaoeous matter colors sedimentary rocks dark and falmsk. 
On exposure to light the carbonaceous matter bleaches, so that nocks 
thus pi^nented are lij^iter 'in color on natural ex{M 98 iiire& they are 
on freshly brokeu surfaces. Carbonaceous pigment oii^nates from the 
alteration of organic mattet that was buried with the segment. 

Iron compounds, mainly ferric oxide and ferric hydrates, contaiidilg 
iron in its most highly oxidized form, are powerful coloring agents. 
Ferric hydrates give yellowish red, brown, and maroon tones. Hema¬ 
tite, the aniiydrous ferric iron oxide (Fe^Oa), produces red tones,. A 
sandstone ot- shale containing much less than 1 per cent of finely die? 
seminated hematite is likely to be brick-red or vermUion. In the pres¬ 
ence of reducing agents, such as carbonacjeous matter and hydrogen 
sulphide, both of which are products of decaying animal and vegetal 
matter, ferric iron becomes reduced to the ferrous state, in which state 
the iron forms much less conspicuously colored compounds. 

Red sedimentary rocks have long excited special interest beeause of 
their striking cglor. Some are associated with beds of rock salt and 
g^'^psum formed by evaporation of large bodies of salt water, and they 
are common as sandstones and conglomerates containing undecomposed 
feldspars. That the feldspars are not decomposed indicates that the 
rocks from which they were derived were destroyed by mechanical 
erosion faster than they were by chemical decay. Either a cold climate 
or an arid climate would favor the preservation of feldspars in un¬ 
altered condition, but so would very rapid mechanical erosion and de¬ 
position, even in the warm, moist, climate of the tropics. Red beds 
commonly have features indicating that they might have formed in 
warm, arid regions, and this fact has inclined many to regard all red 
sedimentary rocks as having been formed under the influence of warm, 
arid climates. Opposed to this belief, however, is the fact that the 
regions in which red soil is now forming are warm and humid, whereas 
most deserts have dun or brownish soils. As soils are the chief sources 
of the sediment laid down by streams, the most prolific source of red 
detritus is manifestly the soils of warm, humid lands whose relief 
is sufficient to insure free underground movement of the oxygenated 
water of the rainfall. 

In low, swampy tracts, vegetation is luxuriant, and the r^hing 
abundant decaying vegetal matter causes strongly reducing conditions.. 
Therefore, if a red soil formed in a humid region is carried by erosion 
into low-lying swampy tracts and deposited there, its red color will be 
destroyed by reducing agents, and the resulting sediment will be dark 
colored; consequently red deposits are not likely to form in moist 
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regions. However,^ in desertfl a^nd in regicms of aeasong! rainfall, vege^ 
tation ie sparse and thf^ soil becomes dry during the period of drought, 
and consequently the humus is destroyed by oridation, Reducing con¬ 
ditions are therefore absent, and if red sediment is washed in from the 
moister uplands it is likely to remain red. 

Owiz^ to the abundance of life in the sea, reducing conditions gen¬ 
erally prevail on the sea floor; consequently, most marine sediments are 
not red. Nevertheless, where red sediment is swept into the sea in large 
quantity the organic matter on the sea floor may not suffice to reduce 
all the ferric iron. As a modern example we And that red mud is ac¬ 
cumulating off the mouth of the Amazon and other rivers draining areas 
of lateritic soil (p. 48); in time these red muds will doubtless be con¬ 
verted into red rocks. As a matter of fact, many red sedimentary rocks 
contain abundant marine fossils—clear proof that these red rocks were 
foimed in the sea. 

In conclusion, red strata occur chiefly in terrestrial formations, 
especially in those that accumulated in warm arid or semiarid regions; 
but redness is not in itself proOf that beds so colored were deposited 
in any particular environment. 

The problem of the origin of red beds illustrates the principle that 
similar rocks may be formed'in several different ways. The correct 
interpretation of such rocks requires the gathering of all available evi¬ 
dence and its critical analysis. Nevertheless, in the present state of 
our knowledge, the evidence we can acquire may prove to be insufficient 
to give a definitive answer. 

Other Characteristic Featttbes 

There are other characteristic features of sedimentary rocks not so 
universally prevalent as stratification and color but nevertheless of 
common occurrence and of great value as indicating the conditions 
under which the sediments were deposited. 

Mud Cracks. Certain low fiat places, such as a quarry floor or a 
shallow concrete ditch beside a highway, are favorable places for the 
accumulation of mud after a heavy rain. Anyone who has seen this 
mud after it has dried for several days in the jBUn and wind will notice 
that the mud has shrunk and cracked into lughly irregular polygonal 
blocks. An example of unusually regular cracking is shown in Fig. 182. 
Shrinkage cracks thus formed are called mud cracks. On further ex¬ 
posure the blocks of mud bake and harden. I^ater, if there is a pro- 
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Siy viad-blow^ ^and or oilt may «over thft surfoce aad fiH 
1b0 ^cka with sediment that is coarser the material of ^e n^d- 
craeked layer. The form of l^e polygonal b%>dc8 is thus preseryed, <ivea 
if the mud flat is again inundated. Mud-eracked layers formed in^iis 
way ean later become hardened into beds of shale and sandstcme, and 
afto’ geologic ages become exposed to view by the wm'k of erosion. The 
fossil “mud cracks” will then be revealed on tiie bedding planes. If 
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Fio. 182. Mud cracks formed in the playa of Pmtwater valley, Nevada. 

the beds are in a tract that became involved in one of the revolutions 
that have affected the Earth’s crust and have been turned so that their 
topsides are now down, the mud cracks give us the means to determine 
tills fact, for in their original position the cracks tapered downward 
and they now taper upward. 

Clearly the conditions that favor the formation and preservation of 
mud cracks are ideal also for preserving the footprints of animals that 
may have walked or run over the soft mud soon after it was deposited. 
Footprints and mud cracks therefore commonly occur together in Sedi¬ 
mentary rocks, although not many mud-cracked rocks show footprints. 
Similar conditions favor the preservation of raindrop imprints, mark¬ 
ings that record the fall of a brief shower while the mud flat was ex¬ 
posed to the atmosphere. Singular reflections cross the mind of a 
geologist who surveys the impressions of raindrops in an aactent shale 
recording a transient shower that fell millions of years ago] 
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The most favorable places for iniHl cracks to form are the floodplains 
of large rivere, the landward portion of large deltas^ and the wide flat 
fihor^s of idiallow lakes that shrink or disappear during the dry season. 
Marine tidal flats, in spite of their alternate wetting and dr3ring, are 
unfavorable for forming mud cracks, because the mud has not sufficient 
time to dry thoroughly before the tide returns. Mud cracks form to a 
minor extent^ however, at the upper margins of estuaries where the 
Spring tides reach for only a few days in each month. 
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Fio. 183. CurrenMormed ripple marks exposcnl at low tide, near Windsor, Nova Scotia. 
The current flow^ from left to rj^ht. 


Mud cracks can form under both subaerial and subaqueous condi¬ 
tions,^ Some marine formations therefore contain mud-cracked beds. 
Notable examples of mud cracks formed under subaqueous conditions 
have been found in the rocks of Glacier National Park. 

Ripple Marks. Where a current moves sediment along the bottom 
of a body of water the surface of the resulting deposit develops parallel 
ridges that resemble the ripples on the surface of a pool of water. 
These ridges are known as ripple marks. Every retreating tide 
leaves ripple marks along the beach. formed also by wind 

action on sand dunes. Ripple currents retain their 

form and migrate slowly in the which the current is 

^ Mud cracks have been experimentiirily foroiiM under water by the spontaneous 
dehydration of sediments of colloidal jp^^n ake, a phenomenon known to chemists 
aa syneresU. ' 
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SoK^lMOAuae mad graias ttfe swept bf oura^ up iiie curr^ 
wA^ side of ibe rip{de ridgs and roU dowa ile leewucd slope, Cotmib' 
fwmted ripi^e marlctt are t^efore aeymo^dne, tiie oun^ward'idds 
baviag a gwtle sU^ and the lee nde a steeper sjtcpe. Tlie direeUcat 
of ixm of the cuneot is thus autographed ia the fom of the r^^e 
mark (Fig. 183). 

OseiHatory waves that touch bottom cause ripple marks to form by 
moving the sedimentary particles to and fro. WeU-developed ostlda- 
tion ripple marks are symmetric, thus contrasting with current-formed 
ripple marksf (Fig. 184). 



Fia. 184. ABymmetrio proflleg of current-lormed rippie marks {A) OQbtrasted with the 
symmetric profiles of oscillation npple marks (B). 

Current ripple marks are formed wherever currents flow over sandy 
or silty surfaces, whether the currents are winds on the land, currents 
in the streams, or currents in the sea. Oscillation ripple marks, how¬ 
ever, form only under standing water, at depths not too deep to be 
touched by Wave action. Storm waves in the sea ordinarily are in¬ 
effective below 200 to 300 feet, but exceptionally they produce ripple 
marking at depths of 600 feet or more. 

Cross-Lamination. Some sedimentary deposits show a remarkihle 
oblique layering, or lamination, extending diagonally across the indi¬ 
vidual beds. This arrangement in laminae inclined to the general 
plane of stratification is called cross-laminarion. It is known also as 
cross-bedding and false-bedding. The real bedding is at right an^es 
to the direction in which the deposit grew upward. Cross-lammaljon 
is developed whenever a sediment-laden current of air or water passes 
over the front edge of an embankment and spills the sediment everl^w 
sktpe. Anyone who watches a truck dumping dirt over the hiunt of a 
fill can see how cross-lamination of this kind is formed, In nature the' 
growing embankment may be the front of a sand dune deposited by 
the wind; and, in water-laid deposits, it may be edge of a d^a, 
the front of a gravel bar, or the front of a curroot ripple. The sedl- 
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i95. Dutf^tmal cms4amnatton tn landstow. I^ior Ztm National Park, 
Utah, 


ment thus spilled over the slope comes to rest at an angle inclined to 
the general surface of deposition (Fig. 185). 

The pattern of the structure produced by cross-lamination ranges 
from simple, in which all the cross laminae slope in one direction, to 
highly complex, in which the laminae slope in many directions, tte 
result of successive truncations of the lower sets of laminae by tie 
upper (Fig. 186). These two kinds represent the two fundamental 
types of cross-lamination: (1) that produced by uninterrupted deposi*/' 
tion over an embankment, and (2) that produced by deposition inter- 
rupited by episodes of partial erosion. 

Beds that are cross-laminated range from thin to very thick. In 
wind-blown deposits an individual bed may be as much as 16 feet or 
mo^ in thickness, but in water-laid silts the mdividiUi>l cross-laminated 
bed is generally only a fraction of an inch thick. % 

The cross-lamination in many dune saz^ls ejliaracteristie of iheir 
origin. The oblique layers are inclined in m&ny directions within 
short (Sstanees, owing to the gustiness of Hulf winds that formed the 
dum. The crescentic front of traveling duh& also causes the oblique 
layers to slope in different directions, but.f statistical evaluation of 
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Fitt. 186. Complex croSB-laminafcioa in Baudatone, called festoon oroBs4ainiiiaticm be¬ 
cause of prevalent curved surfaces. Glen Oanyon, Utah. 



C. E, EiMenthalf tt. 5. Geol^gioaf JSwrmih^ 


Ftu, 187. Concretions that have weathered out of the shale inolosbig them. Near Havta, 

Montana, 
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many measurements will allow us to determine what was the direction 
ed i&e prevailing wind. Two features useful in distinguishing eolian 
eross-lamination from fluvial and marine cross-lamination are: (1) few 
or none of the surfaces that truncate the oblique laminae in dunes are 
hormontal, whereas in water^laid sediments these surfaces as a rule are 
horisontal or nearly horizontal; (2) although most laminae are concave 
upward^ as they are in water-laid sediments, in dunes the layers locally 

are convex upward. The cross-lami¬ 
nae that are thus convex upward rep¬ 
resent the temporary summits of 
dunes formed during the upward 
growth of the sand deposit as a 
whole. 

As the cross-lamination in depos- 
not of eolian origin is so com¬ 
monly concave upward, this feature 
can be used to determine the origi¬ 
nal tops and bottoms of beds that 
have been highly tilted or overturned 
by crustal disturbance. 

Concretions. Some sedimentary 
rocks contain nodular bodies called 

Fig. 188. Half of a bsH-iike conra:^ concretions. These nodules differ in 
tioa^ which haa been split tn two, reveal- . « . , 

ing an inclosed lobster claw. Composition from the rock enclos¬ 

ing them. They are remarkably di¬ 
versified in form; some are spherical or ellipsoidal, ifthere are flat and 
ring-shaped, and still others are of extraordinarily odd and fantastic 
shapes. They range from a fraction of an inch to many feet in di¬ 
ameter. They are composed of one of the minor constituents of the 
inclosing rock; thus in chalk and limestone they consist of minutely 
crysi^lline silica and form the well-known flint nodules; in sandstone 
they consist of iron oxide or calcium carbonate; and in shale, of cal¬ 
cium carbonate or iron sulphide* The bedding planes of the inclosing 
strata persist through some concretions, a feature proving that these 
particular concretions grew in place after the inclosing strata had 
formed. Some large concretions, which have weathered out of the 
hiolosiiig shale, are illustrated in Fig. 187 and show clearly^that the 
stratification passes through them. 

Manganese nodules partly encrusting sharks^ teeth have been dredged 
fron^ the depths of the sea, showing that some concretions form wlule 
the sediment is accumulating. But most ccii^etionB have grown in the 
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incloain^ seifiments ftftra tiie sedimeats wete deposited. Massy eoa^ 
ttoasr ecmtain at their center a foscdl, whidi served as 9 sueleos 
caused the suseral mattn^ ef 'which the coht^etion is couiposed tt> ag* 
gr^ate around it. Some eoncretions inclose reanaskshle imptmts df 
fern leaves, insects, and marine animals. Nine out of eymy ten eon- 
cretionB in the Bearpaw shale 4 ^ Alberta, when efdit in two, reveal a 
lobster claw (Fig. 1^). 



Fio. 189. Rock oontainiiiB foBsUs of marine shells. 


Fossils. Fossils (Latin fossUes, from fodere, to dig up) are the re¬ 
mains or imprints of animals or plants that were buried in the accumu¬ 
lating sediments (Fig. 189). As an adjective “fossil” has a much wider 
denotation, liowever, as shown by such phrases as fossil raindrop iip- 
prints, fossil deserts, and many more. The sedimentary rocks tlmm- 
selves are often characterized as “fossil sediments.” 

Aa fossils represent the animals and plants that were living while tiie 
inclosing sediments were accumulating, and generally in the same place 
in which the sediments were being deposited, they inform us as tp the 
conditions that prevailed during that time. They tell us, fosf instate, 
whether the beds were laid down upon tiie land or under water, Sidi, 
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brae&ish, or fresh. Fossils are in fact the chief means for distinguishing 
murine from nonmarine sediments. Marine sediments contain marine 
shells, which are readily diatinguished by their characteristic features 
from fresh-water shells. Land-laid sediments may contain the remains 
of land plants and bones of land animals. Inferences as to environ¬ 
mental conditions during deposition, based on content of fossils, must, 
however, be made with discretion, because land plants and animals 
sometimes drift out to sea and become inclosed in marine sediments. 

No organisms are preserved entire in the rocks; only the hard parts, 
such as shells and bones, as a rule remain. These parts may be pre¬ 
served unchanged, but commonly the material of which they were built 
by the living organism has been dissolved and carried away by circu¬ 
lating solutions, and new material has been substituted so perfectly 
that the original form and the details of its structure are exactly pre¬ 
served. Petrified wood, whose wgody tissue was removed and for 
which silica was concurrentry substituted, is a well-known example of 
such replacement (p. 130). Under certain circumstances the shell or 
hard part may even be wholly removed by water moving through the 
strata, and only an imprint or a hollow mold is left in the rock. A 
natural mold of this sort may later become filled with mineral matter, 
and this filling is a copy, or Tmtural cast, of the former living organism. 

Something of the climate of the region at^the time of deposition can 
be inferred from the fossils found in the rocks. For example, fossils 
of palms and alligators are embedded together in certain formations in 
the Badlands of South Dakota, and they indicate that a tropical climate 
once prevailed there. Fossils are indispensable in deciphering the long 
history of the Earth and its inhabitants; in fact they are the funda¬ 
mental basis of geologic chronology. As such they are considered in 
detail in books on historical geology. 

STRATIORAPmC RELATIONS 

Relative Age of Strata. The stratified rocks are formed by the de¬ 
position of layer upon layer of sediment; consequently each stratum is 
younger than those below it. The youngest stratum is at the top and 
the oldest is at the bottom of any pile of strata^ Many conclusions on 
the structure of a re^on and the successiem of geological events rest 
upon this self-evident principle. 

Grouping aS Strata into Sedimentary Poritiations. An assemblage 
of rock masses that have been grouped into a unit for convenience in 
description or mapping is termed a fonmti^, A 'succession of strata 



^ ' sBbiMENT^yaY BOCKS \m 

tlifiit deposit^'niore or less cc^tuiuously under essentasklly uniitxriii 
(agfpditions constitutes a aedimentaiy iormation« X formatum is vsmMj 
jgiven a geographical name'based on the lodality where it was first ^rec- 
opiieed, called thereafter the type locality. If the formation wmusU 
chiefiy of roek of one kind, that fact is commonly expressed in the 
given name, such as Bighorn dolomite, Utica shale^ or Coconino mM- 
etonjc. If, however, a formation is made up of rocks of several Idnds 
(for example, limestone and shale), it is given a geographical name 
cmly^ as Kansas City formation. 

A formation generally contains fossils that are distinctive, which are 
therefore termed tndcaJ or guide fossils. By meems of its index fossils 
a formation can be recognized wherever it occurs and can be traced 
from the type locality across country. The areal extent of a formation 
can therefore be determined and can be plotted on a map/ This pro¬ 
cedure is called geologic mapping. It is the first step in any geologic 
study of an area, whether the purpose is purely scientific or is essen¬ 
tially practical. 

Formations laid down in geologically recent time contain the remains 
of plants and animals of species still living. Formations of somewhat 
older geologic age contain, along with the remains of living species, the 
remains of species of organisms that are now extinct. In still older 
formations the remains are entirely those of extinct species of organ¬ 
isms. A species that has become extinct never reappears in strata of 
younger age. By piecing together the evidence from the order of the 
superposed strata with the kinds of fossil organisms occurring in them, 
a chronology of the history of the Earth has been worked out. The 
larger subdivisions of this chronology are given in Appendix D. 

The order in time when successive fossil faunas and floras lived and 
appeared in the strata and when they became extinct was first estal>- 
lished in Europe and America. This order can now be used to deter¬ 
mine the age and succession of strata anywhere the world over. Prob¬ 
ably the most astounding triumphs in deciphering the geologic record 
by means of the fossils contained in the rocks have been achieved in 
regions where crustal revolutions have caused the strata to stand verti¬ 
cally or have overturned them, or have thrust great thicknesses of older 
strata over younger strata, as in Glacier National Park (Fig, 307),. 

Areal Extent of Sedimentary Formations. Sedimentary formations 
differ greatly in areal extent, depending on the conditions under which 
they were formed. Bhales and limestones make up formations that are 
as much as thousands of square mites in area. For example, the Madi- 
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of clastic m such as ^ndstone and shaley indicBte^^ 
there were laud surfaces from which the sediioents were derived by 
erpsidh and t^ins in which they were deposited. If the sediinents were 



F^ 0 .190. An miy sta^ in the lUlvan^e of the eea the land maas shown on the left. 
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Fiis. A laW Bta^ in the advande of Ukb aea, ehoWing theHand inaim lars^ eon- 

: fiumed:; re^senta th^ position of the sea jpttff. EM of the layers of mud 
(whudi .e^ventuaUy become tAialB) I reprMiited by the b|iijiken-hne piatt^ extenda nitjioh 
^ the l^t duin thf iayer below it; these Uym^M landward. 
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laid down along an open eoast, tbe deposits tend to be wedgo-iike, 
e|rt- near shore and progressively thinnes Seaward. The eediments 
poured into the Gulf of Mexico by the Mississippi River are dorivid 
from a drainage area of more than 1 million square miles, but the area 
in which they are deposited is only about one-tenth of that size. 

Unconformity, An important stratigraphic relation is that of iwt- 
canformity, so important in fact that it is treated in detail in Chapter 
15„ A marine unconformity records that a land mass became sub¬ 
merged beneath the sea and a scries of marine strata was deposited 
on it. 

Overlap. When the sea advances on a subsiding land mass, the beds 
that are laid down on the floor of the advancing sea as tbe result of its 
attack on the land mass have the relations shown in Figs. 190 and 191. 
Each successively higher bed extends farther in tbe direction in which 
the sea advanced over the land mass than the bed immediately below 
it. Each younger bed thus laps over beyond the limit to which the 
underlying bed extends. This stratigraphic relation is therefore termed 
overlap. 

Gravel, sand, and finer material are formed by the attack of the 
advancing sea on the subsiding land mass. The gravel and sand are 
deposited near shore, but the finer material, of mud-grade size, is car¬ 
ried out into deeper water. Consequently, the gravel and sand grade 
seaward into mud. Because the shoreline moves landward as tbe sea 
advances, what was earlier the locus of deposition of coarse material 
becomes tbe locus of deposition of fine material; therefore the sand and 
gravel grade upward as well as seaward into mud. Gravel of the kind 
shown in Figs. 190 and 191, after it has been changed into rock^ is 
known as a progresisive marine conglomerate; it records the advance of 
the sea over a land mass. As it occurs at the bottom, or base, of a 
fonnation, it is called also a basal conglomerate. Manifestly, the con¬ 
glomerate at C* is younger than it is at C by the length of time it took 
the shore line to mi^ate from C to C'. 

Geand Canyon or the Colorado as an Illustration or Strati¬ 
graphic Principles 

The Earth gives us a deep insiglit into her sedimentary cover in the 
Grand Canyon of the Colorado, where the river has cut a naighty gorge 
thitiugh 4000 feet of horizontal strata. Consequently the view from the 
rim of the Grand Canyon affords an unrivaled panorama of sedimen¬ 
tary rocks. At the very first glimpse of the Canyon the varied and 
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^FIa, 192. South wall of the Grand Canyon of the Colorado River near liU Tovar, 
BhowiikE six aedimeiitary formationB. The formations are lettored to oorrospond with those 
sho^ in the diasrammatic geolosic column on the right of the figure* 

stone more than 1000 feet toick; above it is the Redwall limestone, 
whoaie brilliantly colored and massive beds stand dut in 500-foot cliffs, 
fonning some of the most striking scenery-oi{f^i^a]^n; the third/is 
a tfalik series of sandstones and shales; the fom^ t^ilhsis entirely of 
shale; the ff^h is the CpccHiinQ saiKlstone, a prigmin^^li^ite^ sandstone 
! formed in ^ .mcient desert; and tf^ uppermioBt fonil^ .tiie Kaibab 
limeetone, 80 na^ forms the fl^r of'^e Kaibkb Plabmu 

m ieMeh the Canyon is incised. . .'t-l 






bocks ^ 

Mafifie fossiU occur in almost aQ these f^matiops, thui^ that 

tbs larger part of inxmsnse pile was laid down in the sea, The p&ds 
have remained in their nodmial horizontal position and in nndistnrhed 
sequence, but their present positicm high above eealevel shows ttiat 
dcNSpite their horizontal attitude they have nevertheless been lifted 
thousands of feet. The fossils in them tell ue that the lowermost forma¬ 
tion was laid down early in Paleozoic time and the uppermost in late 
Paleozoic time. Translated into years, this means a span of 300 mil¬ 
lion years (Appoidix D). From the fossils we learn further that the 
formations that we see now represent but a fraction of this vast span 
of time, because the succession of life recorded in these beds is not a 
continuous sequence. Above the lowermost 1000 feet of shale and sand¬ 
stone there is a gap in the life sequence, showing that for a long period 
before the deposition of the Redwall limestone no deposits were being 
laid down here, or if they w^erc laid down they were removed by erosion 
before the Redwall limestone came into existence (p. 38A). These in¬ 
tervals of time, although not represented by strata at the Grand 
Canyon, are represented elsewhere by great thicknesses of strata. 

The horizontal strata exposed at the Grand Canyon of the Colorado 
do not tell the whole story of the geologic history of this region, but 
constitute, as it were, Book III of the geologic record. They rest with 
profoimd unconformity on a foundation built of two vastly older series 
of sedimentary, igneous, and metamorphic rocks. These rocks consti¬ 
tute Books I and II, the earlier history of the region. An account of 
this history is given in Part II, Historical Geology. 
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Chapter 13 

IGNEOTJS BOCKS 

Igneous Focm, as implied by tbeix name, wne lonne^at 
peraturesj $1% defingicl jib those rix^'mdde hu ^ 

molten matter that origiaated mthin the Earth, Buoh molt^ mtler, 
as is well known, is erupted as lava from many volcanoes the world 
over, and in these eruptions we ean see igneous Tooks actually in tiis 
making. Immensely spectacular though volcanic eruptkms are, tJie 
progress of geologic science has shown that ttiey are but minor tamti- 
festations at the Earth’s surface in comparison with the vastly greater 
effects produced by active molten rock matter within the crust. 

Molten matter as it rises from depth is more or less highly charged 
with gases. As it nears the Earth’s surface in a volcanic vent, the 
pressure decreases and the gases begin to be liberated and to escape. 
Most of the gases have escaped by the time the liquid has solidiff^. 
The molten rock matter plus its content of dissolved gases is called 
magma. There are many kinds of magma—at least foi^y—differing 
widely in composition. To cite only two examples, from active vol¬ 
canoes, the magma erupted by Vesuvius differs meatly in comooeltkn 
from that erupted by Etna, 

Mode of Occubbencb Igneous Rock Masses 

Intrusive and Extrusive Rocks. Igneous rocks occur as conqignent 
parts of the Earth's crust in twe ways: as intrusive and exttwiw 
masses. In formhig an intrusive mass, magma rose from deep in the 
Earth to higgler levels in the crust, but it stopped in its asc^t before 
it reached the surface. Consequently it cooled and solidiffed under a 
cover, or jacket, consisting of the rocks that make up the higher por¬ 
tions of the crust. The resulting body of igneous rock is to intrusive 
mass/ Such a mass beconms accessible to our view only after it has beto 
unMvered by erosion. 

It magma reaches the JEarth’g surface and m distdiarged frtto an 
openingjit flows out on tte surface, where it cools rapidly and so^ffileB. 
The body of igneous rock thus formed is to extrusive mass, 
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Oibviously;, an intrusive mass is farmed iiftder eaiHiditions that differ 
gr^tly frcKm those under vrhleh an extrusive mass is formed, 

jm^m^sive b^y the magma cools under a thick jacket of roclte; 
h^ce its ^aiolved ^ses can not escape eamly, and because rocks are 
exceedingly poor conductors of heat it loses heat slowly and therefore 
slowly. In an extrusive body, on the other hand, the magma 
IS K&astieally^cliilled by exposure to the atmosphere and liherefore 
SpffdffiBles Jrapidly. because of these differences Tn the way they^ were 
fom$ed, intrusive rocks differ greatly in appearance from extrusive 


A^hough intrusive and extrusive rocks are in general markedly dis¬ 
tinct, in places they grade into each other. For example, magma that 
issued at the Earth's surface as a lava flow came'up through a passage- 
way'from below; and, it the passageway remained filled, the magma in 
it iventualty solidified into rock, "^^nsequently the extrusive body— 


the lava floty at the Earth’s surface—^is connected with an intrusive 
mass below. The connectiem of an extrusive mass with its downward 
extension, or root, can rarely be seen, however, because the extrusive 
maasas a rule either covers its root or has been separated from its root 
by ero^n, whereby the former continuity has been destroyed. 


INTRUSIVBJ BOMBS 

Intrusive igneous bodies are structural units in the architecture of 
the crust. According to their shape, or form, and tb^ir structural rela¬ 
tions to the inclosing rocks there are six principal kinds: dikesf siUs, 
laccoliths, volcanic necks, stocks, and batholiths. The simplest is the 
dike, and it therefore will be considered first* 

Dikes. A dike is a tabular mass of igneous rock that fills a fissure 
in pie-existent rocks. Consequently, a dike is inclosed between walls 
that are parallel or nearly so. Dikes are inclosed in rocks of all kjnds— 
ignepus, sedimentary, and metamorphic. They are said to *^cut” the 
j;Qekatbat inclose them. By convention the term dike is restricted to 
those tabular masses that cut through layered rocks at an angle to the 
layering. If ^the tabular igneous mass ^aUcl with the layers it is 
called a sM, 

Dikes range in length from a few yards to many miles; they range 
in thickness from a fraction of an inch to thousands of feet Three 
dikes that cut a series of stratified rocks at right angles to the stratifi- 
catkm are riiown in Fig, 193. 
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mg $ miles bng. After Recharge at the surface ceaseS;) tl^ ma pga io 
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Ftq. 193. Dikey cutting horuontol sedimentary beds at right angles* AlanuUa CreelCt 

New Mexico* 

the fissure solidifies; thus is formed a dike that reaches to the 
surface. Most dikes, however, fill fissures that did not extend to the 
surface, and tiieir present exposure to our view is the work of erosinit 
Some dikes are the fillings of channels through which were fed other 
intrusive bodies, such as the sills and laccoliths next to be described. 

During erosion, dikes that resist destruction more stron^y than the 
rocks inclosing eventually stand out as walls; but dikes wbbse re-% 
slstance is weaker than that of tbe inclosing rocks form ditches* * Tbe 
rook of some dikes is divided into blocks or cohmms by joitrts. lOiei^ . 
columns are perpendicular to the walls of the dike, causing the4Bk:e . 
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X^Wkh a pile of eordwood, jan arrangement whose origin is described 
later imder columnar ^tntct^&re (p. 372 ). 

Dikes are likely to contain fragments of rock that were ripped off 
from thrir wall rocks and earried upward. They supply us with 
samples of the rocks that are present in depth and thus give us clues 
as to what occurs down there. Some dikes contain blocks of this kind 
that they have carried up from depths as great as 20,000 feet. 

In many idaces dikes are arranged in more or less well-defined sys- 
temfik Parallel dikes are in some localities so numerous and closely 



Fig. 194. The sill 8^ is intnisiVG between horisontal strata, the dilce D represents 
the eonduit through which the magma was forced up. Vertical joints were formed as the 
sill cooled. Ihe block la about 1 mile wide, the sUl 600 feet thick 

spaced as to constitute a dike swarm. Around certain centers, notably 
volcanoes, dikes have a radial arrangement, extending out from the 
center like the spokes of a wheel Impressive examples of radiating 
dikes surround the Spanish Peaks, Colorado, and tKe Crazy Mountains, 
Montana; these mountains, however, are not of volcanic origin. 

Dikes are adjoined by zones of rock baked and hardened by the high 
temperature produced by the molten magma, These effects are par¬ 
ticularly pronounced adjacent to dikes cutting sedimentary rocks, 
which are more readily affected than other rocks. All intrusive masses 
have produced similar effects on the rocks into which they were injected. 
These effects give us therefore a means for determining whether an 
igneous mass is of intrusive origin. 

gjju A rilHs a tabular mass of intrusive igneous rock lying parallel 
to the lajrer^of the incloring rocks (Fig, M4>. Sjlls range in thickness 
froca a foot or less to several thousand feet In forming a sill, magma 
inaWated itself between two layers and lifted the overlying rocks 
throu^ the distance now reprei^nted by the thickness of ilie sill 
Manifestly, in order to fesm a thick sill j§eep crust and sev- 
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.The term siU as ordimufily used meoasjtfcat tihe Jbodjr sn naais^ is 
horisoiittal^ like a dour silfc In geology it was applied in the first place 
to intrusive sbeeta that are borisontal, such as 1^ lamous Wfa^ sill 
of the ntn^h of England, which is i^ceable for ^ miles and avmg^ 
90 feet in thickness. The Whin sill is a mass that has remained hori¬ 
zontal since it was formed,, but many sills have been tilted from their 
original horizontal position, so that by an evolution of ideas the term 
sill is now applied not only to horizontal bodies but also to inclined 
bodies. Some sills were injected into strata or other layered rocks that 
were already inclined at the time the magma was forced in between 
them. The essence of the definition of a sill^ therefore, is not that a sill 
is horizontal, but that it is an injected mass lying parallel with the 
inclosing layers. 

One of the best-knowrn sills in America is the Palisade sill, which 
forms a long vertical cliff fronting New York City along the west side 
of the Hudson River. Originally the sill was 100 miles long and 1000 
feet thick, but it has been somewhat diminished in size by the erosion 
that brought it to view. The palisade structure to which this sill owes 
its name is the result of the nearly vertical" columns developed in it by 
shrinkage cracking during cooling, in the same way that columnar 
jointing is formed in dikes. Such columnar structures, as explained hi 
Chapter 14, are at right angles to the walls of dikes and sills. 

Laccoliths. A laccolith is typically a lens-shaped mass of ignjwps 
rock intrusive into lavereiL iocTcs. It has a flat floor and is more or 
less circular in ground plan. If the magma, after it has insinuated 
itself between the layers in the form of a sill, arches up the overlying 
layers, instead ofscontinuing to spread laterally away from the supply 
channel, a lens of liquid rock is produced, and this lens on solidifying 
forms a laccolith. The cross-section in Fig. 195 shows an ideal lacco¬ 
lith and the dome-shaped mountain produced by lifting and arching 
the rocks that overlie the laccolith. 

Many laccoliths, however, depart from the typical form. Instead of 
being circular in ground plan, some are oval or quite irregular; aud in 
section pome have the shape of a wedge instead of the symi^e^cal 
form shown in Fig. 195, If the amount of up-arching of overlying 
layers was small, the resulting laccolith approximates cl(wly to a siQ 
in form. 

Laccoliths, more or less exposed by erosion, are eonspiepons fes^res 
in many parts of western North America (Fig. 196). waie first 
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is the Heary Mountaiss of eoui^iem I]^h, wis^e they rise 
ft {dftteau of undisturbed horizontal strata. They fcarm ft ootS- 
aerm thert comprishB all the stages of progressive -denudatMu: 



Fiq. 195. Laccolith, showing the typical fotm of the igneous maes and the doming of the 
overlying be^. The block is about 2 miles wide. 

from laccoliths still covered by their roof rocks and whose presence in 
depth is inferred from the dome-like hills formed by the up-arching of 
the strata, to laccoliths so deeply dissected as to show the undisturbed 
horizontal atrata underneath them. 



Modified from L. K. Pvaaon. 

Fia. 106. Ideal sketch of a laccolith (L) from which the roof rooks have been partly 
Btrippi^ off by erosion. The creek tmtting across the laccolith has exposed the horiaontal 
floor on which the laccolith rests. The laccolith is about 1 mile in diameter. 

®ibs€ciuently, laccoliths have been found in many parts of the world 
and are therefore a not uncommon form of intrusive body. Some of 
these later-found laccoliths are immensely larger than the classic laoco- 
litiis of the Henry Mountaina^ the largest of whi|^ is less than 4 miles 








Fig. W. Shiprack volcanic mkt 1300 feet highi with Mhts^ mttdiifg out lr> 
Nwr Faminpm^ New Mexico. 


in diameter. Igneous masses as large as 6000 square miles in area have. 
been interpreted as laccoliths. ^ 

In order that an intrusive mass be classified as a laccolith, it must 
have a floor. In the nature of things, the floor is the least accessible 
part of the mass, and, unless erosion has supplied favorable exposures, 
the laccolithic character of many bodies must perforce remain in doubt. ' 
Laccolitha are of great interest in theoretical geology, for they show 
clearly how the magma ma^e room for itself within the Earth’s efost, 
namely, by lifting the overlying rocks. The mechanics of intrusl«m of 
laccoliths is therefore fairly well understood. 

Volcanic Necks. When a volcano becomes extinct, the supply pipe 
ccpfk^ting it with the depths becomes filled with a solidified mass of 
magma or with a chaotic mass of angular blocks, large and small, 
termed agglomerate. This filling forms a cylindrical mass known 
as a vohanic neck. It is roughly circular in ground plan and may^be 
from a few hundred yards up to a mile in diameter. The rocks sur¬ 
rounding a volcanic neck are generally cut by a radiating syWlto of 
dikes, and if the rocks are stratified they are commonly injected with 
sills. Being in general more resistant to erosion, a volcamc neck in the 
course of time forms a pant tower (Fig. 197). farther description of 
volcanic necks is postponed to Chapter 1C / 

Bgth^fidais^ A^bathoUth is a huge in^ive body of i^eo^rqek. 
Large s»0 and ih^sive relati^ to itsTn^osi^ rocks are its 
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198^ Bathohth, partly uncovered by erosion. P and P* are masses of invaded 
eogiitry rook (here shown as slate), projecting downw|prd deeply into the batholith; they 
are termed roof pendants. At P the continuity with the main body of slate has pera\ated, 
but the slate mass as seen at tlie surface at P* is an ^^island'* surrounded by granite, its 
connection having been sundered as the result of erosion. S is the top of a stock con¬ 
necting with the batholith in depth. Tlie batholith is of the discordant or tromgirmawe. 
type« as it cuts across the structure of the invaded fwimtry to^, the slate. The block is 
elxmt 20 miles wide. 


ii^y, the size of a batholith as we customarily speak of it depends on 
the. depth to which erosion has uncovered it. The largest batholith in 
the United States is the Idaho baf^olith in central Idaho, exposed over 
an area of 16,000 square miles. Had erosion stripped off less of the 
roof rocks that formerly covered the batholith, its exposed area would 
be smaller; and had erosion extended a mile o^^o deeper its visible 
portion wotdd have been much larger. 

Another large batholith is that of the t^eira Nevada. It has been 
extensively bared erosion, espeeUUy in the cubninating portion of 
^ range in the r^on of Mount Whitney, the'’highest point in the 
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Bee granite^ sne^lte, «o<i^ mcMro gtanite, ihe edid reott^ 'of 
Wlifffc waa once tiioneands cubic miles of molten rook mailer, txopk- 
iag’eftstOFfUtd, we would see the great gnmite escarj^neirt ol the ^Eora 
drc)»pkig ainruptly to Owems Vall^ almost below us* and we tiuis wottld’ 
perceive that the batholith is at least 800Q feet thh^ Another great 
baibolith is the Coast Range bathdith, which extmtds for 12S0 rtSes 
firtma the 49th parallel nortiiward into Alaska and is 60 to 120 smlea 
wide; it is marvelously displayed in the fiords of British Cqlunfiiia and 
southeastern Alaska. It is about 100,000 square mUes in aresb the 
^oatest batholith known, forming as it were a vast cicatrice hi the 
crust of the Earth. 

Many mountain ranges have batholithic cores, backbones of ignemis 
rock. The home of the batholith is in the world’s mountain belts, in 
the sones of acute deformation of the crust. The enormous bodin of 
magma were emplaced either at times of crustal deformation or dmrtly 
after. A batholith emplaced during a crustal revolution tends to have 
concordant contacts, that is, the roof rocks arch over the top o| Ihe 
batholith just as the roof rocks arch over a laccolith; whereas a baiho- 
lith emplaced at the end of a period of crustal deformation has dis¬ 
cordant contacts—^it breaks across the general structure of the rooks it 
has invaded. Structurally, then, there are two types of batholith r eon? 
co rdant a nd dis^r^nt, 

, Granite is the chief rock of which disnonlant batholiths are com- 
posed, and granite gneiss (a modification of granite due to the rou^ly 
parallel arrangement of its component minerals, chiefly the biotite 
flakes) makes up the concordant batholiths. 

As granite is formed at some d^tfa in the crust, it is egqsosed at the 
surface only after erosion has stripped off the covering rooks; hence H 
is seen chiefly in those parts of the continents bared by erosion—^in 
mountains or in regions so deeply eroded that the roots of the moun¬ 
tains are visible. 

GranitaiB the main constituent of the_ foundaikm at the ponja^tal 
masses. These foundation granites oecur as batholiths of very ancient 
ot^in, of Pre-Cambrian age, aiul constitute a floor apaa w^Mih the 
sedimentary rocks of latc^ age were d^osited. Granite of yoys^ 
age also occurs as colossal bathxfliths that are intrarive into tlm yUimger 
rocks, for ^)oefas of granitie inteusion have ooeucred thae i^d tima 
again during the long span of the Earth's lustory. The 
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Itblio, and Coast Range batholiths already cited are grand examples 
of such youn^ intrusiaas. 

From many points of view batholiths are of extraordinary interest. 
They are structural units of the first magnitude in the architecture of 
the crust The source of the heat, the origin of the magmai the 
that Set the magma in movement, and the manner in which such swMh 
dous masses of molten rock matter make room for themselves l^be 
bi^er levels of the Earth’s crust are among the most fundamental ^d 
fascinating problems of geology. The concordant batholiths'apipar 
to make room for themselves by lifting and shouldering aside thett^ks 
of the crust, like laccoliths of immense size; but the mode of intruMcsi 
of the discordant batholiths is much less clear. Many explanatioha;,' 
hSve been suggested: foremost among these is the hypothesis of piece¬ 
meal sloping, so called from a certain analogy between the process by 
which the magma is conceived tq make room for itself in the crust and 
the miner’s process of extracting ore. The hot magma in coming into 
contact with the rocks it is invading shatters these rocks above the 
junction zone and spalls off blocks; and as soon as these blocks become 
engulfed in tlie magma they sink, because the fragments of solid rock 
are heavier than the liquid magma. By the progressive spalling off of 
these blocks and their sinking in the magma, the magmatic chamber 
becomes enlarged, and the magma works its way upward into the higher 
levels of the crust. Altliough it is abundantly clear that this process of 
piecemeal sloping has been effective around the borders of discordant 
batholiths, it has not yet been demonstrated that the immense chambers 
occupied by the batholiths were formed entirely in this way. 

'Stocks. Stocks are the smaller intrusive igneous bodies without 
knpwn floors. A stock differs from a batholith only in its much smaller 
size; arbitrarily, an intrusive igneous body less than 40 square vai}0B 
(100 square kilometers) in areal extent is called a stock; if larger than 
40 square miles, a batholith. A large stock is a small batholith. Some 
stocks, as indicated at S in Fig. 108^ are merely dome-like protuber^inces 
from the body of an underlying batholith. 

A stock as a rule is circular or elliptical in ground plan. The dis¬ 
tinction from a volcanic neck is not based on size^ though necks are 
much smaller than the average stock. Tlie neck is used only 
when the evidehce shows that the igneous body occupies a channel that 
served as the supply pipe of a volcano. Bdtne stocks doubtless were 
nedks, but this can not now be proved, as the" evidence has been removed 
byjerosion. 



E!^irBlV& BODIES 

JBEtnuiVE bodies «re those lonmd by soagnaa thaii.flowa out on ^ 
SasUi's ewface. Magma is extraded in two waysj depen^hg on %e 
quantity and activi^^r of the gases contained in it: the qtiiet, in wbioh 
it 0 discharged as a Squid and solu^ifieB into a masi^ve roc^ and tbe^ 
exfiosive, in whieh it is violentiy blown into the air and falls in the 
foitn of clots or solid fragments. 

yiMva. Plows. Magma that issues at the Eurfaee is called lava. 
liquid discharge, as well as its solidified equivalent, is commonly spoken 
of as a hzva flaw. Liquid flows are poured out from volcanoes. Some 
volcanoee, like those in Hawaii, discharge molten lava almost exclu¬ 
sively, but most volcanoes discharge alternately lava and fragnu^l 
material. 

Some lava flows, however, were not enqited from volcanoes but were 
discharged from fissures. Such extrusion, when unconnected with vol¬ 
canoes, is termed a mass eruption. In the geologic past such mdhs 
eruptions have occurred many times on a huge scale. Among the most 
notable of these enormous lava foods are those of the Columbia River 
re^n in the northwestern United States and of the Derean region in. 
wm^m India. The resulting piles of lava flows in these rei^ons are/ 
thousands of feet thick, and each covers an area of more than 200,000 
'Sqwre miles (p. 334). 

^Tuff and Breccia. According to its phase of activity, a volcano 
blows into the air clots of hot liquid magma or fragments of cold 
solidified lava tom from its throat and crater walls. The coarser jaeces 
fall near the vent; the finer pieces, hindered by the frictional resistance 
of the atmosphere or carried by the wind, tend to fall somewhat later 
than the coarser fragments and at greater distances from the veat. On 
aetoount of the highly variable intensity of volcanic explosions during 
ap: eruption, fine material is blown out during mild activity and settles 
ihMw the vent, to be succeeded during violent activity by coarse ma¬ 
terial Therefore, an interlayering of coarse and fine material is pro¬ 
duced even near the vent. 

The coarser material, when converted into rock, is called vaigttnk 
breeda, and the finer material is called tuff. Both are teamed jp^fo- 
dastic roeks (“broken by fire”) to distiaguish them from il^ eteetic 
sedimentary rocks. 

Tuffs sad breccias occur the weald ov&, wherever voleaitifin ki aetive 
or has been active. Th^ {wesence, indeed, is blear that vni- 
caiusm was formerly active in places where it has long been extmet. 
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The gedogie date at which a mass of igneous rock was emplaced in 
ihe crust or was erupted on the Earth’s surface is determined from its 
structural relation to the adjoining rocks. Thus, an igneous body, euch 
as a dike cutting through another igneous mass, is obviously yoi^er 
than the rock it cuts. If it cuts through sedimentary strata, it is Ikis 
younger than they are. As the geologic age of sedimentary beds can 
generally be determined by the fossils inclosed in them, the dike is 

younger than the age indicated by 
fossils; but how much younger 
> mu8t be ascertained frorn other evi-- 

dcncc. Suppose that we have the 
favorable geologic eicposure shown 
in Fig. 199. The dike is there seen 
limestone beds, which con- 
fossils determinable as of Car- 
boniferous age (Appendix D). 
These beds and the dike in them 
Fxg. 190. Determination of the nge of Were worn down by etosion to a 

jja ig^us rock. The dilto (3) is younger jgygj surface, and Sometime later a 

than the umestoneB (1) it interaects, and , * i . . 

older than the strata (2) that rest cm it. seriCS pf beds containing T|jassic 

fossils was deposited on it. From 
the evidence thus available the conclusion clearly follows that the dike 
is younger than the Carboniferous beds and older than the Triassic. 
In geologic parlance we say that the dike is post-Carboniferous and 
pre-Triassic in age. Had erosion stripped off the covering beds (2), 
all that could be positively determined as to the geologic age of the 
dike is that it is post-Carboniferous. 

Lava flows are of course younger than the rocks on which they lie. 
If a pile of lava flows contains intercalated layers of tuff and breccia, 
the layers may inclose fossils, which are the remains of plants and 
animals that were overwhelmed by the material blown out during the 
volcanic explosions. By means of these fossils the flows dan as a rule 
be dated as to their geologic time of origin. 

A sheet of igneous rock lying parallel e^^ta above and below 
it is either a sill or a lava flow. If it has baked the strata both above 
and below it (p. 419), this evid^ee of baking proves positively that 
the sheet was injected at some time after the inclosing strata had been 
formed ] it is therefore a sill. If a sheet has,not bi^teed the stratum over- 


Fxg. 199. Determination of the nga of 
an igneous rock. The dike (3) is younger 
than the limestones (1) it intersects, and 
older than the strata (2) that rest on it. 
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lying it, it is probably*^ lava flow, aii4 at any rate Wh olcter ^ 
ov^tj^ng strata. Ttow the ^ relationship of an igneous body 
the rook maesee asaot^ted with it is ^termiiied by evaminittg 
tacts with them. ^ ^ ^ 

In recent years much research has been done on methods of deter** 
mining the absolute ages of minerab and rocks, that £b, their iiges iO 
years. Certain radioactive elements, notably uranium and thpri npijr 
are spontaneously disintegrating at constant rates, and lead is formed 
as the end-product of this disintegration and accumulates within the 
parent minerals (p. 26). By the methods based on radioactivity, it 
was determined in 1938 that the age of the uranium-bearing veins in 
Joacfaimstal (or Jachimov), Bohemia, from which Idrne. Curie tbst 
isolated radium, is 230 million years. Determinations on other 
erals from other localities show that the most ancient rocks of our 
planet are more than 2000 million years old. 

Texture and Composition of Ioneous Bocx 

Texture. The most obvious thing about an igneous rock is its 
Jure, By texture is meant the appearance of a rock as determined by 
the sjse, shape, and arrangement of its constituents (see also pp. 56f^ 
563). Most rocks are made up of mineral grains, but some consist of 
glass, and some of glass and mineral grains. 

If the mineral grains are large enough to be recognized by the unaided 
eye, the rock is said to be phanerocrystalhm (Greek phaneroSf visible, 
manifest), which can be shortened to phamric (fan-e'ric). If the 
grains are so minute that they can not be perceived as such by the 
unaided eye and consequently the rock seems to be a single homoge¬ 
neous substance, it is said to be aphamtic (aph-a-nit'ic), meaning “not 
phaneric.'* 

The grain size is coarser the more slowly a magma has cooled. If a 
magfna is extremely hot, the minerals dissolved in it can not crystallize 
out from it; that is, the atoms and atomic groups in the magma are 
unable to arrange themselves to form organized solid eomppunds (the 
minerals). When the temperature has fallen far enough, the minerais 
be^n to separate from the magma. If the cooling is slow and if iSie 
magma has not become highly viscous as a result of the cooling (a very 
important proviso) they have time to grow to large size, thus formlsag 
a coarse-grained rock. But if the magma cools rapidly, more and mole 
centers of crystallization form spontaneously, and, instead of a few 
sudi crystal nuclei growing, many begb to gtow simultaneously. None 
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can therefore grow to a large Bize^ and coUBequeoily the 
j^ultiag rock is fine graiiied. JXjoolmg iaatill more rapids the cryatate 
cm so loinute that they "are mvieible to the unaided eye, and the re- 
iUlting rook is apbanitic. Under conditioiiB of extremely rapid cooling 
a magma eoUdiftes into a homogeneous substance before any mineral 
eim crystallize. In this event the product is a glass^ sometimes called a 
mtuTol glass. 

To sum up, igneous rocks are coarse grained^ fine grained^ aphmitic, 
Qt glassy, the grain size being coarser the more slowly the magma 
cooled. 

^ Porphyry: Porphyritic Texture, So far it has been tacitly assumed 
tliat all the mineral grains in a given rock are of uniform size, that is, 
that the rock is eguigranvlar (Pig 360). Many rocks, however, are 
composed of grains of two conspicuously contrasting sizes: in part of 
large crystals and in part of much smaller grains, which form a matrix 
inclosing the larger crysteds. igneous rock of this kind is called a 
pixrphyry (Fig. 361); it is said to have a porphyritic texture. The 
matrix of a porphyry is the groundmass^ and the large crystals im¬ 
bedded in the groundmass arc the phenotrysts (fe'no-krists), meaning 
clearly discernible crystals. The phenoerysts were formed first, and 
the groundmass somewhat later. 

Porphyries are abundant and of many kinds. The groundmasses of 
the various porphyries have a wide range in grain size: some are 
mectium grained; others fine grained, aphanitic, or glassy. Generally 
they are apbanitic, as in the lavas, most of which are porphyritic and 
have apbanitic groundmasses. The phenoerysts also range greatly in 
size—from those barely perceptible to those several inches in diameter. 
They differ widely in abundance, ranging from fe'w to very many. In 
all porphyries, however, the phenoerysts contrast conspicuously in size 
with the grains that make up the groundmass. This contrast in size 
is the essential feature of a porphyry. Porphyritic texture is not a 
contrast of colors. Thus a rock made up of light^cnlored quartz and 
feldspar, among which are scattered crystals of black mica^ all the 
grains of the three minerals being of about the same size, i3 not a 
porphyry, although the black mica contrasts strongly with the light- 
colored minerals. 

Texture as Determined by Geologic Occurrence. Be¬ 

cause the texture of an igneous rock depwds chiefly on the fiuidity ^ 
of the magma while the minerals are cryshtdliifing out from it, anything 

1 Fluidity is the im^ise of viscosity. 





fii the geologic envirqltm^ &i%t itiflt|exice& the fli^dity <xt » 
dam^ the critical stage of crystaBiaaticm loiiBt affect the teadwe of 
the resultiag^irock. Rate of cooling its one such factor^ for deV 

etemdfs rapidly as the temperature falls; reteotlKm of the gaa oontOa^ 
is another factor. Obviously, on intrusive mass of inagma, sarroundeii 
and iacketed by the rock maCBes h has invaded, wit! lose its heat and 
gas content much more slowly than an extrusive mass, whifib has issued 
at the Earth^s surface as a lava flow. ConseQuentiy the roCk of in^ 
trusive masses is generally coarse grained in texture, whereas the 
extrusive rocks ^as a rule are either apbanitic or glassy. 

The volume of an intrusive mass greatly influences the rate of coot- 
ing, because a large mass cools more slowly than a small one. Cons^-^ 
quently the rocks that make up such large masses as batholiths are 
coarse grained. The rocks of dikes and sills that were injected into 
cold rooks tend to be finer grained. The central portion of a thick lavs 
flow may cool slowly enough to become medium grained, whereas a 
magma that was injected into a narrow fissure in cold rocks is chiUsd 
so quickly that it solidifies as an aphanite or even as a glass. Althoui^ 
there are exceptions, the rule holds true that intrusive rocks are coarse 
or medium grained and extrusive rocks are fine grained to aphanitic. 

From the rule just cited, it follows that the coarse-grained rocks, 
because they were formed within the crust, become visible at the 
Earth’s surface only after they have been stripped by ^osion of the 
rocks that covered them. Probably no granite has been formed at 
a depth less than 2000 feet below the Earth’s surface. 

Although, as discussed above, the rate of cooling is an important 
factor determining the texture of igneous rocks, it is not the cmly one. 
Chemical composition also is important; and if, as is reasonable to do, 
we consider the gas content of a magma as part of its chemical com** 
position; it is probably the single most important factor in determining 
texture. Under similar conditions of cooling, magmas low in silica 
and high in iron and magnesia solidify as rocks of coarser grain than 
do magmas composed of much silica, alumina, and alkalies. 

That the texture formed while a magma is solidif 3 ^iig is influeseed 
by geologic environment is vividly shown by the extrusive rocks. These 
rocks normally consist of phenocrysts imbedded in an aphanitic 
groundmass. The phenocrysts—4h6 large conspicuous ciyetels—were 
formed mainly before the magma Was extruded on the EarthV surface, 
and the fine-grained groundmass was formed after extrusion. The 
pesphyritie texture thus developed records the great change in 
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i 60 vii'o 0 ]wnt while the magma was solidifpng, whereby the rate of 
cooling wae enormously speeded up and the escape of tiie dissolved 
gases was facilitated. 

The presence of gases, especially the gaseous water contained in 
magma, increases the fluidity of the magma or, to say the same thing 
in another way, decreases its viscosity. The gas content thereby pro¬ 
motes the power of crystallization to an astonishing degree. This 
enhanced power of crystallization is notably shown by certain dikes 
associated with intrusive masses of granite. They occur generally as 
4 fringing svrarm of dikes around the periphery of the granite masses 
and were formed soon after the granite. The dikes are made up of 
large crystals of quartz, feldspar, and mica, individuals several feet in 
diameter being not uncommon. The extraordinarily coarse igneous 
rocks of this composition are known as granite pegmatites, and from 
them arc obtained the feldspar and plates of mica used commercially. 
Some granite pegmatites .carry !l;adioactivc minerals which, as already 
mentioned, make possible the determination of their absolute ages. 

The rock of a volcanic neck is likely to be comparatively coarse 
grained in spite of the small volume of the neck, because the continuous 
upward passage of molten material to the surface has heated up the 
rocks surrounding the conduit. Consequently the last charge of magma 
that filled the conduit and solidified there when the volcano became 
extinct cooled slowly and formed a coarse-grained rock. 

Composition of Igneous Rocks. The. mineral composition of an 
igneous rock depends on the chemical composition of the magma from 
which it solidified. As already emphasized, a magma is made up of 
two parts: a volatile part, consisting chiefly of gaseous water, with 
carbon dioxide, sulphur, and other substances, amounting at most to 
a few per cent, and a non-volatile part, consisting of the fixed con¬ 
stituents, chiefly molten silicates. The volatile part is highly important 
in rock formation because it increases the fluidity of the magma, but 
it is almost completely eliminated during solidification. The molten 
silicates crystallize from the magma to form 

Many thousands of igneous rocks from all the world have 

been chemically analyzed. The analyses are hy the chemist 

in terms of oxides, and accordingly we convenl^lially speak of the 
chemical composition of rocks as if the rocke composed 

of these oxides. For example, when we say that is Idgh in silica 
we really mean that its chemical analysis sboi^^'that much silica is 
present; but this mode of expression implies as to how the 



lOSECKJS BOCKS 

Biliea h combined in ihe rook. Actually, the eilka may be pMent m 
the rook partly in the uneonafeined state—"free,” in the form of the 
mineral quarts—and partly in the combined state in combination 
the metallic oxides as silicates.^ 

The foUmnong list gives the ranges in the amounts of the oxides 
reported for the commoner rocks; 

Silica (Si 02 ), invariably present, ranges from 40 to 80 per dent. 

Alumina (AI 2 O 3 ) ranges from 0 to 25 per cent. 

Oxides of iron (generally both FeO and Fe 20 a), 0 to 20 per cent. 

Magnesia (MgO), 0 to 45 per cent. 

Lime (CaO), 0 to 20 per cent. 

Soda (Na 20 ), 0 to 16 per cent. 

Potash (K 2 O), 0 to 12 per cent. 

It will be noticed that only one add-forming oxide (silica) is present- 
The other oxides are oxides of the six metals (aluminum, iron, mag^ 
nesium, calcium, sodium, and potassium) and are in general bases. 
Oxides of other elements occur in small or minute quantities in rocks 
but are so much less abundant that they can here be neglected. 

Silicic Rocks and Basic Bocks» Silica predominates in all the com¬ 
moner igneous rocks. Metallic oxides occur in all, but the particular 
metallic oxides present range from almost nothing to large amounts. 
A rough general rule governs the composition of igneous rocks. Al¬ 
though the rocks form an unbroken series W'hose silica content ranges 
continuously from 80 per cent to 40 per cent, they can be divided into 
two classes; one in which the silica content is high and the alkali-metal 
oxides—soda and potash—^predominate among the metallic oxides; and 
the other in which, conversely, the silica content is relatively low, and 
lime, iron oxides, and magnesia predominate among the metallic oxides. 
Rocks high in silica are termed silicic. Rocks low^ in silica are termed 
subsiticie, or more commonly basic, because they contain abundantly 
the bases lime, iron, and magnesia. Rocks intermediate between these 
two classes can be called intermediate or mesosUicic, 

Silicic rocks as a rule are light colored, whereas basic rocks are dark 
or black, and heavy because of their abundant iron-bearing minerals. 
Silicic rocks are sometimes termed acidic, because the acid-forming 

^ la Kceat years this distmetroa between “free” and "o^bmed" silica has he- 
oome of great legal importance in compensation suits brDij||^,||y workers suffering 
from silicoais, a lethal disease of the lungs caused by inhalata^ D|l||6f^us 
generally quarts. The destructiveness of dusts to the lung tissues 
directly proDOrtional to the amount of free silica in the dusts. 
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f^dical fiilica {Si 02 ) predominates in them; the basic roeks, beeauee of 
iheir hi^ eontmt of bases, ate relatively low in silioa^ carrying about 
50 per cent 

CiystaUizatitm of Minerak from Magmas. If a liquid containing 
a salt, sine sulphate fen: i^ample, is bailed down and concentrated to 
a certain point, not all the sine sulphate can remain dissolved^, and 
it begins to separate from the solution as a solid in the form of cx^als. 
If .the hot solution is allowed to cool, more crystals of the salt are 
formed, since hot solutions generally can contain more salt than cold 
ones. A magma also is a solution; it contains dissolved in it various 
oompouads in a more or less unorganized state. If the magma cools 
slowly enough, the dissolved matter in it separates from it as crystal¬ 
line grains, the minerals. This crystallization proceeds as the tempera¬ 
ture falls until the whole magma has turned into a solid mass of 
mineral grains. The molten liquid has become rock. The minerals 
begin to separate from any givki magma in a definite order, which is 
governed by their solubility in that magma. 

Minerak Common in Igneous Rock^, The minerals that make up 
most of the igpeous rocks are the following: 


Light-coloked Gaoup 
(Biauc * Group) 


Dare-coloked Group 
(Ferromagnebian Group) 


Orthodaso feldspar Biotic (black mica) 

Plagioclasp feldspar Pyroxene 

Hornblende (an amphilKilc) 

Olivine 

(^uartA Magnetite 

* 8\al ia a oombination of tbs ohemioal aymbolg for eilicon (Si) and aluminum (A1), the pnidoEqiijiaut 
eleiDentfl cNxmbmed with oiygen in rodu of this group. 


fddepars, gnartz, pyroxene, hornblende, and biotite are by far the 
most common minerals in igneous rocks, and therefore they should bo 
carefully noted. Details regarding them are given in Appendix A. 

Since magmas differ in chemical composition, not only the minerals 
B^arating from them but also the relative amounts of these minerals 
must diff^. ThuS) a silicic anagpuii containing im^ silica and subor- 
diimte alkalies and alumina, forms a rock that Cionaista mostly of icld- 
gpafs and quartz j whereas a basic magm^in whi^H lime, nn^esia, dnd 
are afaamdaot^ makes a rock ctmtaining^abi^ant pymsiene^^faDrn- 
bl^de, and other /erromopnemp' mine^lf, so called in allunon to 
the iron and magnesium in th«n.< 
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Cu.BStnCA'mN OF lONBOVB Hocsb 

||[lij||_of tgneouB rocks »Tb of mmtiy sftuf 

varieties. In refined clbssifications several hundred are reeog* 
nixed, but fctfionafelj the cin^. of ^ is made i:4> of^a 
few common kinds, not exceeding half_ a. ~<ki)s§n, Iflie M 

igiieotb rocks is paiijy the result of t^ diversity of the magmas fhai 
have been and are being generated within the crust and partly the 
result of the diverse physical conditions under which these Tna gmaa 
have solidified. 

Since igneous rocks vary both, in t^ure and in cpmpoeitim, these 
two variables can be used to classify them. By taking texture as tin. 
first criterion for setting the igneous rocks in order, we obtain at onee 
five major classes.. 

The major classes thus obtained a^e then .subdivided (Ul the. basts 
of their mineral comppsition—on theJcinds of minerals present and the 
proportions in which these minerals occur. To these subdivirions the 
actual rock names are given For example, a rock of equigranular 
texture, coarse enough so that the minerals ran be recognized by the nn> 
aided eye, and composed of feldspar, quartz, and some biotlte, is called 
jrrnii-. 

By applying these principle, the classification of igneous rocks is 
obtained which is shown in the table on page 565. 

In general, intrusive rocks, especially those occurring in t^atho litbs. 
are coarse grained and equigranular. Such rocks have long been called 
plutonic rocks, in fanciful reference to Pluto’s realm, thou^t to have 
been deep within the Earth. They have formed as the result of slow 
cooling, and the pressure of the overlying rocks caused the magma to 
retain its gas content until a late stage of solidification, thereby keep> 
ing it in a fluid state. Crystallization and the development of a coarsCi- 
grained texture was thus promoted. 

Extrusive rocks, on ihe ether hand, have been fanned hr drastic 
chilling of iiie magma and the loss of its gas content at the Earth’s 
surface and consequently are characterized by either 
aphanitic grmmdmasses. Drastically chilled magmas and rimse whkh 
abruptly lose most of their gas content vriiile ecK^g are IHsely ta 
solidify to passes. 

Thus a high-silica magma slowly cooling and retaining its gas eooh 
tent soUdiSeato a.gQSaute. The same mapna, however, if erupted at 
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the £atth^B surlace, will solidify to^ form a rhyolite^ p, jcock 
ferent iH te^vire and-sjapearaace from A gramtp, ^ Rlorolito 
the extrusive, equivaledt of ^iniite. 

A magma of irnediimtsihca content solidifies at depth as diorite, but 
if extrud^ at the surface it solidifies as andesite^ Andesite is therefore 
the extrusive equivalent of diorite. 

A maj^a of low-silica content—a basic magma of about 50 per cent 
silicaTHsqlidifies at depth as gabbro, but the same magma if erupted 
eommonly solidifies as basalt. Basalt^ then, is an extrusive equivalent 
of gabbro. However, because basic magmas crystallize extremely read¬ 
ily, especially in thicker flows, some extrusions of basic magma solidify 
as dolerite so coarse in grain as to verge on gabbro. 

Dioritc and gabbro, although abundant as intrusive masses, do not 
commonly occur in extensive batholiths as the granites do. They are 
more common as stocks, sills, ai^d dikes. 

Problems of Igneous Geology 

The igneous rocks, and their mode of occurrence in the crust as 
well as on the crust, present many profound problems. The origin of 
the various magmas, the source of the heat to make them molten, and 
the cause of their rise from the depths are fundamental problems. 
Some of the most suggestive evidence is furnished by the magmas that 
reach the Earth’s surface and there give rise to volcanic phenomena; 
and as volcanism is an important part of igneous geology, these ques¬ 
tions are considered in the following chapter. 
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VOLCANOES AND VOLCANISM 

VOLCAKOES 

General Description. A voleano is generally thought of ifit a steep 
conical mountain having a crater at its top, from which at intervals it 
ejects gases, rock frapaents, bombs, and lava flows. This concept fits 
Vesuvius, near Naples in Italy, and as Vesuvius is the world’s best- 
known volcano this picture has popularly come to be regarded as typi¬ 
cal of all volcanoes. A worldwide survey shows, however, that many 
of them diverge greatly from this picture. The essential feature of 
a volcano is an eruptive apparatus, chiefly a conduit Ibat connects a 
reaer\'oir of molten rock matter in the depths of the crust wifj^'the 
exterior of the Earth. This conduit is referred to as the throat pf the 
volcano, or as the volcanic pipe or chinmey. The more or less c^cal 
structure that surrounds the orifice of the conduit is called the vokaruc 
edifice. The term volcano is customarily used, however, to inrlude both 
the vent and the hill or mountain built around the vent. 

Volcanoes range in size from small cones hardly larger than a bee¬ 
hive to majestic peaks that rank with the loftiest mountains on the 
globe. Many of the highest peaks of the Andes are volcanoes; some 
are still active, as Cotopaxi in Ecuador, which has the distinction of 
being the world’s highest active volcano, 19,600 feet in altitude. Coto¬ 
paxi erupts from its summit, is unscarred by erosion, and is still in its 
prime; but many other volcanoes of the Andes are dormant or have 
become extinct in the recent geologic past. All the Andean volcanp^ 
stand upon an eroded platform of much older rocks, above which they 
tower 10,000 to 12,000 feet. Certain volcanoes i])^^d-ocean are of 
still greater size. For example, the Hawaiian vol4|aEj>^es stand SOyOOO 
feet above the floor of the Pacific Ooean; b^esjhnimmits project 
14,000 feet above sealevel. 

The hitter peaks of the Cascade Range, l^gmning on the north with 
Baker, Rainier, and Admns in Washington and metending soutiiwprd 
to mehide Hood in Oregon and Shasta in northern California, are vol- 
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^t&oea that ar^ ^lumlx^g oulsave w^nily become tMeeix 

California, at the fiooib end erf the Cascade is Ae ^ 

eu#ve volcano within continental United States, 

RriXmDN OF MATSBUt 

Materials of tliree kinds are ejected from volcanic vents: gas^^ 
liquids consisting of molten rock matter, and solid material in the 
form of fragments. 

Gases. Steam is discharged by active volcanoes in immense quap-^ 
tity, as indicated by the enormous volume of the clouds that accom'** 
pany many eruptions. These clouds consist of the dust and ash borne 
aloft by the uprushing column of steam and other gases. "fSe great 
quantity of steam thus discharged into the atmosphere condenses and 
causes torrential rains near the volcano; but part of the downpour is 
probably due to condensation from moisture-laden air that was sucked 
up to high altitudes by the up-draft created by the discharge of the 
volcanic gases. Owing perhaps to the friction of the ash particles and 
to atmospheric disturbance, the eruptions and rains are accompanied 
by electrical manifestations, which during violent outbursts culminate 
in spectacular lightning discharges. 

The composition of the gases emitted during an actual volcanie 
eruption is not directly known, because of the difficulty of studying a 
volcano in action and of capturing its gases uncontaminated by atmos¬ 
pheric gases. The composition differs at different volcanoes and prob¬ 
ably at different stages of an eruption. However, indirect evidence 
shows that the chief constituent is steam. As an example of the im¬ 
mense quantity of steam emitted during the height of an eruption, 
Paricutin, the world’s youngest volcano (Fig. 216), is estimated to 
have discharged in May, 1945, as much as 16,000 tons a day, along 
with 100,000 tons of lava. 

Besides steam, volcanoes exhale many other gases and volatile prod¬ 
ucts. The emanations are given off not only from the vent itself, but 
also from the flows of lava, which, as they cool and harden, continue 
to emit gases for weeks and months. Carbon dioxide, bydrochlpric 
hydrofluoric apid, and hydrogen are ^vW To1®te mixture t)I ihe 
hydrogen with oxygen and its sudden combustion are sometimes 
ascribed the explosions in the conduit. Sublimed sulphur and com* 
pounds of sulphur, such as hydrogen sulphide (HsS) and sul^Smr 
dioxide (SU^), are emitted by some, but not kll, ve^a^es. 

Cblorid^^'are given off copiously at many vdeanoes. In fact, the 
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set 

i^Hmdaiat chkMideB at tbe Italbui ycdcsBoes Bo^sested the ide» that 
ftraptioBB are cauaed by ^ tirata* lealdiig into magma at dep&. Even 
ware this inferenee true for the Italian vokanoea, it can not hold ,oid- 
versally, because no chlorides are given off by Kilauea, whieh is on 
the ocean-girt island of Hawaii. 

Fragmental Products. Fragmental ejecta are the materials blown 
into the air by e]q)lo8iQna in the vent of a volcano. They are derihred 
from the crust of hardened lava left in the upper part of the conduit 
after a previous eruption; from rock fragments tom from the walls of 
the conduit; or from new lava ejected from the top of the liquid cohimn 
of magma in the crater by violmtly escaping gases. Althou^ clots 



Fig. 200. Volcanic bomb, 6 iuchea long, with apirally twiated ends. Hawaii. 

« 

ollava begin their aerial flight in a liquid condition, they generally 
harden and fall as solid fragments. 

The pieces of rock and the clots of molten lava blown out and solidi¬ 
fied range greatly in size: from dust so fine that it floats in the atmos¬ 
phere for several years to large masses w^cighing many tons. The 
projectile power of volcanoes is astounding- Thirty-ton blocks were 
blown out by Stromboli in 1930 to a distance of 2 miles; and other 
volcanoes have hurled smaller blocks to much greater distances. 

The fragmental material blown out from a volcanic vent is collec¬ 
tively called pyroclastic material For the sake of precision it is classi¬ 
fied according to size, somewhat arbitrarily, as pieces larger 

than 32 millimeters (1% inches) in diameter ^all^ blocks if 
ejected as solid fragments and hence angular^ and^bemb^ if ejected as 
panicles of still-fluid magma and hence tbwdi^ or ellipsoidal; those 
between 32 millimeters and 4 millimeters are tennied lapilli (Latin for 
KtUe stones) or cinders; tlmse between 4 milltmetera and % millimeter 
areasA, and the still finer mateiial is called fine or dust. Although 
*'ash'^ and ^‘cinders^* are commonly used ki ref^ng to the products 
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of onipikme; volcanic ash and cinders a^ not produeta of eom^ustiinik 
A vohsanie bomb is iUnstrated in I^g. 200; its qjirallf twist^ omIs 
prove that it vraa still liquid diping its r 

The bombS; lapilli, and most of the mh fall near the vent and thds 
help to .build up a crate around it The dust is carried by the prevailing 
winds long distances, hundreds of miles ra* more, and is thus i^nead^ 
over an immense area. Huge quantities are discharged during great 
rauptioDs, amounting to many ndllioiffi of tons. Such dust showers are 
highly destructive to vegetation and even to animal life, but the soil 
ultimately yielded by them is very fertile. 

Lujuid Material: Lavas. A volcanic cone has no strengtii and is 
easily fissured by the explosions and by the pressure of the lava cohnun 
in the conduit. Hraice the magma does not as a rule flow out over 
the lip of the crater but issues throu^ fissures in the ^des of the cone. 
It may even happen, especially if the cone is built of cinders, that, 
unable to withstand the hydrostatic pressure of the lava column in the 
conduit, one side of the cone ^ves way and allows the lava to rush out 
through the breach thus made. Such repeated breaching of the side, 
giving rise to repeated lava flows, occurred in 1944-1947 during the 
growth of Paricutin, the newborn volcano in Mexico. 

The appearance and character of a lava stream and the rock formed 
from the lava as it solidifies depend on several things. The chemirad 
composition of the magma determines the nature of the resulting rock, 
whether it will be a light-colored lava (rhyolite) or a black basalt, or 
of intermediate character (andesite), as previously explained. The 
fluidity determines the rate at which the lava flows, the distance it 
flows, and in large measure the aspect of its surface. When the lavti 
first flows out, it is red or white hot and highly fluid. It soon cools 
on the surface, darkens, and crusts over. As it cools it becomes more 
and more viscous. When the flow becomes very viscous, the under 
part may still be moving while the upper part crusts over and bresks 
up into rou^, angular, jagged blocks, which are borne as a tumbling, 
jostling mass on the surface of the slowly moving flow. When even¬ 
tually the flow comes to rest and solidifies, the resulting lava sheet is 
extremely rough. Its top is a chaotic assemblage of blocks and seori- 
aceous fragments, bristling with innumerable sharp 'points. Such lava 
flows are termed block lam. In Hawaii they are Called oa (S'a')> 

In marked contrast to the block lava, othear flows hmden vrith smooth 
surfaces, which have curious ropy, curved, and billowy forms, fts seen 
in Fig. 201. "Corded” lava of this kmd the Hawaiians term pakoe&oe 
(pfl-ho'a-ho'fi). Fine examples of eraded lava flomi can be Mem in |he 
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Cbiten of-tiie Moon National Monument in southern Idaho. Although 
^ese Sows an at least several hundred jeats old, the surfaces still 
show iridescKit colors m blue, pniple, and bronze, as if Hhe flovs bad 
been erupted only a few years ago. 

Very fluid lavas flow rapidly, especially on steep slopes (Fig. 3). 
Some, like tiie great flow from Mauna Lna in 1850, average 10. miles 
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Fig. 201. Lara caacfule, Hawaii. Basaltic magnia is Hulidif 3 ang into corded lava called 

palioehoe. 


an hour. However, speeds of more than 5 miles an hour are oxcep- 
tional. As the lava flows cool and become viscous, they move extremely 
slowly, creeping onward, possibly for several years. 

After a lava flow has crusted over, the still-liquid portion in the in¬ 
terior may burst through the lower end of the flow and run out, draining 
the interior, A long tube called a lava tunnel ia 13ms formed. The 
natural drainage of some volcanoes passes into thi^ tunnels, disap¬ 
pears from view, and issues lower on the slopes as slangs. 

In 1935 lava broke out on the flank of l^una^Loa at a;^ altitude of 
9000 feet and flowed toward the town of Hilo, ibreateni^ to destroy 
it and its harbor, the second most valuable in the Hawaiian Islands, 
The U, S. Army Air Force then tried bombing the flow in (^der to halt 
it and avert the threatened disaster; the attempts was reported to have 



beea .dweeaefuL Succ^ deposed oa fact that ihe lava #iUi 
iug tiirough a.lava tmrnel toward Hilo, The bombmg demolfched the 
roof of the titonel at the upper end of ttie and blocked tibe tub(? 
with debris. The lava was thereby forced to overflow^ cool, and 
solidify^ and the danger was averted. 

Effects of Biscapii^ Gases: Vesiculation of the Lava, That 
even after they have issued from the volcanic vent, still contain dis¬ 
solved gases is amply shown not only by the cloude of steam tha^ 
escape from them for weeks and months but also by the sl^ctureB 
they assume as they solidify into rock. Viscous lava may become 
highly inflated by the expansion of innumerable bubbles of gas. Each 
bubble bole is a vesicle, which is spherical if the lava was stationaxy 
and almond shaped if the lava was moving and drawing out the vesicle 
while the hole was forming. The upper portion nf a flow, especially 
of a viscous silicic lava, may contain so many bubble holes that it has 
become a veritable froth, Rock f roth, which is gener^ly whi]^„pij|g^ 
colored^ Jmown as pumi^. 

In more fluid lava, especially basalt, the gas cavities, oi^ vesicles, 
attain larger sizes. If the cavities are highly irregular in shape and 
size and are so abundant that there is at least as much empty space as 
solid matter, the resulting rock is scojmregus. lioose pieces of such 
material are called scoriae; they are commonly dark, black, or reddish. 

Phases of Volcanic Activity, We have seen that volcanoes eject 
materials of three kinds: gases, liquid lava, and solid fragments. The 
nature of a volcanic eruption depends largely on how much of each is 
ejected. According to its phase of activity, a volcano emits very dif¬ 
ferent proportions of these products. Volcanologists generally charac¬ 
terize the activity a volcano is displaying at a particular stage in an 
eruption as hawauan, strombolian, vulcani^au,. or peLgap, terms 
ativB of the moJSt characteristic habits of certain w^ell-known Yolca;npeB. 
^“Stawaiian Phase of Activity, In the mildest phase of activity vol¬ 
canoes tranquilly discharge flows of lava, unaccompanied by the explo¬ 
sive escape of gases and the ejection of fragm^i^tal material. The lava 
thus discharged is very hot and highly fluid. More or less gas is giv^ 
off, but it is released without catastrophic violence. Well-known 
amples are in Hawaii, Therefore this nonexplosive phase of activity 
is termed hawaiian. 

The island of Hawaii is built of an immense mass of basaltic lavas 
crowned by five great volcanoes, of which Mauna Loa (13,680 feet 
high) and £[ilauea (4D00 feet high) are active. Mauna Loa exceeds all 
other active volcanoes in its vast size and in the amount of lava it 
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etapts. Immejifie columns of white-hot lava pky as fire fountains at 
Ijmes 700 feet high, and afford truly spectacular displays. Its flows 
of lava generally issue from its flanks rather than from the summit 
crater, and sometimes they issue below sealevel. 

On the eastern slope of Mauna loa, 22 miles from its top and 10,000 
feet lower, is Kilauea. In the summit of Kilauea is a depressed area, 
rudely oval and 9 miles in circumference, shut in except on the sduth 
by vertical cliffs, which are as much as 450 feet high. In the floor 
of this depression is Halemaumau, the ''Everlasting House of Fire/’ 
a pit which before 1924 was 1300 feet in diameter and contained a lake 
o! liquid basalt, ^'boiling” and fountaining because of the abundantly 
escaping gases (Fig. 202). The “pit” is the upper end of the conduit 
of Kilauea. In 1924 the column of lava in the pit suddenly dropped 700 
feet, and this subsidence was followed by explosive eruptions, the first 
since 1790. ^ 

The explosions of 1924; after an uninterrupted period of 134 years 
of quiet extrusion of magma, illustrate the principle that even basaltic 
volcanoes, which usually extrude the most fluent of lavas, become at 
times violently explosive. As the result of the sinking of the lava 
column to great depth in the volcanic pipe, the ground water in the 


HAWAIUN VOLCAND OBSERVATORY, 


202 . HaUmaumau^ the fire pet of Kilauea. October, 1921 . 
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surrounding edifice suddenly entered into tJie pipe. There ii 
tered fiot rock and magma, generated immense quantities of steAm, and 
caused the spectacular explosive eruptions.. Enormous cauliflcmcr 
clouds were emitted, and large amounts of old rock that had avalanched 
into the pipe were blown out 

Strombolian Phase, The volcano Strcnnbofi is in the Mediterranean . 
Sea north of Sicily, in the Lipari or Aeolian Islands, It has been 
continuously active since the dawn of history, its eruptions as a rule 
consisting of mild explosions every 10 or IS minutes, whereby clots 
of fluid or viscous lava are hurled into the air and fall back into the 
crater. Two features of this eruptive activity are notable: first, the^ 
magma does not freeze over between successive espl^ons; an4[J“secon3^ 
despite the great amount of beat continuouslyTost from the open crater, 
this loss has been made.goQd.by.aupjdji<^s coming from the d^jthSjjptob* 
ably by up-streaming .gases* dming^the jpast 2000 y^rs. Stromboli 
ejects hot, incandescent material, producing luminous eruption clouds; 
hence Stromboli has been called the lighthouse of the Mediterranean. 

1 volcano, accordingly, is said to be in a strombolian s^te when 
blows out clots of incandescent lava apd the magma in its crater dpn^ 
n (It'crust over between consecutive explosions. 

'TftlcnnMin Phase. Vulcano is another active volcano in the Lipari 
Islands, Its magma is stiffly viscous and crusts over solidly between 
consecutive explosions. This crust is shattered during the next, erup¬ 
tion, and angular fragments of rock are therefore blown out by explo¬ 
sions of this kind. The eruption clouds rise vertically from the crater, 
are dense, and take on cauliflower-like forms, but even at night they 
are dark; that is, they are not incandescent. 

Ultra-vulcanian is a term often used for eruptions in which only old, 
cold material is blown out. Activity of the ultra-vulcanian type is 
most likely to occur during the clearing out of a volcanic vept after the 
volcano has been dormant for some time;^ and it is known to take 
place regardless of the kind of magma a volcano emits, whether sililsle, 
intermediate, or subsilicic (p. 299). The explosive a-ryjtion of Kilauea 
in 1924 just described was an ultra-vulcanian eruption from a volcano 
whose prevailing activity is of the Hawaiian type. ,, 

P^Uan Phase. The pelean phase is the most violeptlv 
alL ai^ Ha er uption cloud s ate denser ^ven iJ tian tha vultyaniAB - 
The volcano"of li bnt Pel4e on the island of m the West 

^Indies, after mild premonitory symptoms, began in May, 1902* to 
erupt in a series of violent explosions. It had been in repose since 
and at that time had been only feebly eruptive. The probabiftiy thence* 
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fore is tliat the mtemal pressure then existing had been only paitly 
relieved and that .during the 'fong dormant period—51 years—an im¬ 
mense gae pressure was Suilt up. No lava was discharged during the 
eruption of 1902, but, on the morning of May 8, an enormous dense 
black cloud of superheated steam heavily laden with fragments of 
extremely hot gas-charged lava blew out horizontally from the flank 
of the mountain aiid sped down the slopes to the sea, at a rate of more 
than a mile a minute. Annihilating all life in its course, the cloud 
swept through the town of St, Pierre 5 miles from its point of ori^n 
and instantaneously destroyed the town and its 26,000 inhabitants and 
the 2000 who in the previous days had fled to it for safety. Only two 
persons, one of them a prisoner in the dungeon, are known to have 
escaped alive. Almost at the same time La Soufrifere on St. Vincent, 
90 miles away, ejected a similar destroying blast, the '^Great Black 
Cloud,” which killed 2000 people and devastated a broad tract of coun¬ 
try, For many months after, Mont Pelfe continued at irregular in¬ 
tervals to eject these clouds, one of which is shown in Fig. 203 as it 
arrived at the sea. During 1929-1932 there was a mild repetition of 
the activity so characteristic of 1902. This relative mildness is ascrib- 
able to the fact that the interval had been too abort to build up the 
tremendous gas pressure that obtained in 1902. 

The great eruption of Pelee in 1902 directed attention to a phe¬ 
nomenon previously unknown. The French investigators called the 
remarkable clouds nudes ardentes, meaning scorching or glowing clouds. 
These remarkable clouds are now called pelean clouds. The extraordi¬ 
nary features of a pelean cloud are: it is ejected horizontally from be¬ 
neath the lava plug in the summit of the volcano instead of blasting the 
plug out vertically upward; it is extremely hot; it travels at great 
speed; it carries with it an enormous quantity of highly gas-charged 
lava fragments, including blocks many ynrds iA^^iameter. Ail this 
material is deposited chaotically together, instead of raining do^ ac¬ 
cording to size, as from other volcanic clouds. In reality, the cloud 
hides the vital feature of tbe ejection—^the immense quantity of hot 
gas-emitting lava fragments moving close to the at enormous 

speed, more than a mile a minute. 

Pelean clouds having drawn attention to the^elves so forcibly as 
features of volcanism, the question arose wheth^sil^er volcanoes have 
ejected them in the past. If so, by what crit6na4^kich eruptions be 
recognized? Later we shall see that pelSai^ clceii^^wre regarded as 
having been ejected in immense numbers and in mprecedented mag¬ 
nitude from the volcano that once stood at CrateTil^^e, Oregon. 
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VactaM Ei^oiive Pever of Magma*. The eiq^loi^ve 

power of a magnw depNids primarily cm how much ga6 it oopfcaias. If 
it coatains no gaa, it jies no mcplosive power., Partfaeimore, yisooeity. 
influmices the rea^eas wiUt which gages are liberated from magmaB. 



A. Laproia. 

Fiq. 203. Cloud from Mont Pd6e, Deo. 10, 1902, nrriving at tlie bob. Height of oloOd 

k 13,000 feet. 


Viscosity in turn is enormously influenced by the ccsnposirion and by 
the temperatiu% of the magma, being very much lees at hi^er teip- 
peratures. Because temperature and gas content of a mafppa ean 


change, the explosive tendency of the magma can change; consequently, 
at different times the same volcano mat|^ through several difi^m^ent 
phases of e]q)loBive activity. ‘ ^ 

Ebqdosivc activity is much more common in volcanoes thcB^geet 
andesitic and rhyolitic lavas than in basaltic volccmccs. The 
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ea^logive power of Bndesitio and rhyolitic volcanoes in eomparison with 
that of basaltic volcanoes Ib undoubtedly the restdt of the- higher gas 
content of their magmas. 

Vakjetieb of Volcanoes and Cratebs 

^Pyroclastic Cones. The shape and structure of the edifice built up 
«round a volcanic vent depends on the material of which it is formed. 
If the edifice is made wholly of fragmental ejecta, a steep cone is 
built. Slopes of 30 degrees, rarely 40 degrees, are attained before the 
accumulating mass begins to slide. Volcanic edifices of this kind are 
called pyroclastic cones; they are characteristic results of explosive 
eruptions, A pyroclastic cone built of huge angular blocks forms the 
summit of Etna (p. 318). If a pyroclastic cone consists wholly of 
cinders and lapilli, it is called a Cinder cones are rela¬ 

tively small; none of them exceeds a height of 1000 feet (Fig. 204). 

^ ^ield Volcanoes. Many volcanoes have been built largely or en¬ 
tirely by the piling up of lava flows one upon another around a central 
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Fig. 2Q4» Cinder cone^ 200 feet high. Amhoyt California. 



veak^ A volcano built in this 'way is low in |irop(»tk)ii to iiio inunense 
arcfS it covm and slumped Idee a shield, its Busondi eoqstit}ith!ic a geidfy. 
convex plateau; hence it is icalled a shield volcano (Fig. 205). VcA'r 
canoes of this kind are built up by the emission of fairly Huid lava 
flows, which i^ead widely as thin, nearly borisontal sheets. They are 
well represented in the Hawaiian Islands. Mauna Lmt, 13,680 feet'' 
hi^r is a vast stiield volcano, the largest in the world: it is an enot^ 
mous, gently sloping dome; its slope near its base is 2 de^ees, ihereas- 
ing Bummitward to 10 de^ees, but flattening above an altitude Of 
10,000 feet. 



Fia. 205. Section through a shield volcano. Sille, dikes, and tiie filling of tha oontral 
conduit are sliown in black. 

/ Stratovolcanoes. Most volcanoes, including many of the world^s 
larger volcanoes, are intermediate in form between the steep pyroclastic 
cones and the flat domes of shield volcanoes. They are built of layers 
of fragmental ejecta alternating with lava sheets. This composite 
structure has resulted from the fact that the volcanoes were at times 
explosively active and at other times were quietly discharging streams 
of lava. The rude layering, or stratification, thus produced slopes 
downward and outward from the conduit of the volcano (Pig. 206), 
Such composite cones are called stratovolcanoes (Fig. 207). 

The ejecta composing the layers gradually become compacted by 
their weight and by the infiltration and deposition of cementing sub¬ 
stances. As previously mentioned, the coarser material forms volcamc 
breccia, and the finer material forms tuff. 

Since lava rarely flows over the lip of the crater but, especially In 
hi^ volcanoes, issues from fissures in the sides of the volcano, th^ 
fissures also become filled with molten lava, which hardens into 
forming dikes. The dikes radiate from the vent as a center, and til^ey 
serve as ribs to strengthen the volcanic cone. Thus a vertical secljtm 
through a volcano of this kind reveals a central core of massive igne¬ 
ous rock or of vent agglomerate surrounded by beds of tuff and breeoia 
and intercalated sheets of lava, which are cut by a radial system ol 
dikes. 
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Ab a result of itBfiCunposiie constructicm a volcanic cone of this orif^ 
has a characteristic profile ef great beauty: vilii ramcave slopes, gentle 
ne^ the base steepening upward to the summit crater. Hayon, the 
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Fio. J206. Part of a volcauo cone, showing inclined beds of tuff and breccia. Trinchera, 

Colorado. 


most active volcano in the Philippine Islands, is generally regarded as 
the finest example of a stratovolcano (Fig. 208). Many others the 
world over have similar graceful contours, but the most famous is 




Fio. 207. Stratovolcano. The internal layered struotw has readlted from the alter¬ 
nation of brecmas, tuffs, and lava sheets dipping away frt»iu ths mtrd vent. The profile 
IS that of Mayon (Fig. 20S>. 

Fujiyama, the sacred mountain of Jnpan, tow^rin^ d(X)0 feet above its 
surroundings. Within our own country are the majestic cones of the 
Cascade Range, all of them stratovoloanoe^^—Rmnierf Adams, Hood, 












Ftg 208. MayoHyPbtlippim blandsj btightlMfut. Ont tbi HHftUs pms^ 
ixamfhs 0 / a strafopokano. 


Sha^a, to name only some—which give the range its distinctive scenic 
grandeur. 

Plug Domes. At the time it is being extruded, a magma may be too 
viscous to flow readily* Consequently the sluggish pasty mass piles 
up over the vent as a great dome, termed a Tplug dome. A plug dome 
grows by expansion from within. As it becomes la|‘ger, the exterior 
of the dome hardens and forms a carapace, but, because of the emi- 
tinuing expansion of the dome, the carapace cracks and sheds blocks, 
which roll down the flanks and form immense accumulations of angular 
blocks. Such doming is conflned chiefly, though not wholly, to silicic 
lavas. 

Thirteen domes formed in this way occur within an area of 50 square 
miles in Lassen Volcanic National Park, the largest being Lassen Peak 
itself. 

After the violent eruption of Pelee in 1902, the column of silicic 
magma that filled its vent hardened into rock at the surface but re¬ 
mained highly viscous in the interior, and the whole mass was pushed 
up so that it rose like a Vast tower above the volcano and eventually, 
a year after the destruction of St. Pierre, attained a maximum height 
of 1200 feet above the crater rim. As viewed from the northeast, the 
tower resembled a gigantic spine and was therefore called the spine of 
Mont Pel^ (Fig. 209). Gradually it crumbled into a mass of blocks 
as a result of continuous explosion of gases. 

Compound Volcanoes. Pyroclastic cones, stratovolcsnoes, and 
shield volcanoes represent only the simpler types of structures. Many 
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lei^bg vbkfeDoes are actually muidt more eomplex, and are there^<ae 
eaSled Mmpound ttolcanoee. Etna, whiek Sicilian geole^ets proudly 
caS ''the tnoat claaeio volcano in the world," is a good example of a 
ooUQHnmd volcano. The maih bu& is made up of lava flows, conati- 
a vast shield volcano. On its summit stands a pyroclastic cone^ 
made up of huge migular blocks. It is 1000 feet high and is thus srtKdl 
in comjiarison with the great bulk of Etna, but it is of great interest as 
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Pio. 209. Spine of Mont Pel6e, March 25, 1903. 


it testifies that the eruptive processes of Etna have undergone a change 
in the recent past. 

Calderas: Explosion and Collapse Calderas. Caldera, Spanish for 
caldron, is the term applied to crater-like basins of volcanic origin 
that are of great size, especially those which are wide compared to their 
depth. The term was taken from tlie huge circular pit in the Canary 
Islands, called La Caldera, which is 3 to 4 milea wide and is bounded 
by lofty cliffs 1500 to 2500 feet high, except on dto aide where the en¬ 
circling wall has been breached by erosion. As seen from a distance, tlie 
mountain inclosing a caldera resembles a huge cone that has been trun¬ 
cated far below its apex. As viewed from its "floor^lt caldera is a wide 
plain ringed by cliffs. In this plain there may be active volcanoes, or 
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JPig. 210. Crater Lake, Oregon^ a lake in a caldera. The island^ Wetdrd Ijlani, 
ts the summit of a small volcant hntlt after the tef af the main vekam hoi mk- 
lapsed. 


there may be extinct volcanoes, or there may be active and extinct. 
volcanoes together. 

Many calderas occur throughout the world Some were formed \iy 
gigantic explosions that blew away the tops of former volcanic cones 
as dust and ash. Great circular pits mark the sites of these wrecked 
volcanoes. Calderas definitely known to have been formed by e5tplo- 
sion rarely exceed 1 mile in diameter. 

Calderas, especially those more than 1 mile in diameter, are formed 
by the collapse and engulfment of the summit portions of volcanoes. 
The collapse may have been caused by subsidence along a circular 
fracture, as at Kilauea, or it may have resulted from the rapid empty¬ 
ing of the magma reservoir beneath the volcano. , 

Crater Lake, in southern Oregon, is at the summit of a volcanic 
mountain in the Cascade Range. A mysterious place for a lake, thought 
its astounded discoverers. The lake, justly famous for its beauty and 
the marvelous blue color of its water, is 5 miles in diameter, 2000 feet 
deep, and encircled by steep^ cliffs 500 to 2000 feet high (Fig. 210). 
These cliffs reveal clearly the anatomy of an old volcano; and the lake 
therefore manifestly occupies a caldera—not a crater, for its diameter 
of 5 miles greatly exceeds that of any known eruptive vent. An island 
in it—Wizard Island—is the unsubmerged top of a small but perfeet 
cinder cone, which shows that feeble eruptions broke out after the 
caldera had been formed. The caldera, if emptied of the water iiOW 
19 it, would anoe"T “s p u^reat circular pit 4000 feet deep. 
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The veleaQo tbat form^ly stood here, xtemed Mount Mazama, was 
built up to a height of 12,060 feet, about 600Q feet above tiie platform 
DU whieh it stood; during most of its life it was heavily capped with 
snow and glaciers. The upper 6000 feet of the volcano have disap¬ 
peared. The volume of the vanished portion is 17 cubic miles. Where 
has this material gone? The reason for believing that the caldera 
formed by collapse and engulfment of the top of the former volcano, 
ratba* than by explosion, lies in the absence of the debris—^the immense 
volume of tuff and breccia—^that so gigantic an explosion would have 
spread over the immediately adjacent outer slopes. Late in the life of 
the volcano, just before the final catastrophe, there were enormous 
eruptions of pumice, which culminated in the ejection of pelSan clouds 
of extraordinary magnitude and intensity. Some were so powerful that 
they traveled 34 miles from the volcano. Magma was also drawn off 
subterraneously from the conduits Tims the superstructure of the vol¬ 
cano was weakened, and it' collapsed into the partly emptied magma 
reservoir, forming the caldera. This catastrophe is estimated to have 
happened 10,000 years ago. 

Tliere is no sharp demarcation in size between a crater and a caldera. 
The essential feature of the caldera, as already emphasized, is that* its 
diameter is generally enormously larger than that of the supply pipe 
of the volcano. However, craters enlarged by a reaming out, as it were, 
are not calderas. During periods of repose of a volcano, avalanching 
from the walls into the crater occurs, thereby increasing the upper 
diameter of the crater. Subsequently the fragmental material that fell 
into the crater may be blown out. During continuous blow-offs of gas, 
such as characterized the great eruption of Vesuvius in 1906, avalanch¬ 
ing of this kind and the ejection of the avalanched material enlarge the 
crater many fold, but craters thus reamed out are genetically different 
Tom calderas. 

Explosion Pits. In some places volcanic activity has gone no further 
-ban to drill a vent through the country rock. The material blown out 
onsists therefore largely of fragments of the country rock mixed with 
jnly a minor amount of lava fragments. Because <4 ite ranall volume, 
the ejected material has made only a low ridge arcMjil^ the pit, but no 
real cone was built (Fig. 211). Such pits from a few 

hundred feet to possibly 2 miles. In moist reg|^^^^y are filled with 
water and form lakes. , 

Vesuvius, Vesuvius has by long and caTe]^ |g|^^^become the best- 
known volcano in the world. It is therefore^llfii|Wit to present some 
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of the f Actb I'egardmg'lhu volcano aod to give the e^qjlanatioD advaoced 
to account for its erujddve saechanism. 



Fia. 211. Explosion orcupied by a lako. The Ipw Done around the vent oonBoeta 
cluefly of fragments of the country rock perforated by the vent. An explosion pit is an 
embryonic volcano. 

Vesuvius stands on the site of an older volcano^ Somma. To the 
Romans Somma seemed to be extinct, for, although they recognized its 
volcanic nature, they had no traditions of its having been active. In 



Fio. 212. Map of Vesuvius and vicinity. Some of the larger streams of lava erupted ib 

recent years are shown. 

A.D. 79 the volcano became violently active in eruptiona that destrcQred 
the towns of Herculaneum and Pompeii on its seaward flanks. Much of 
Somma on the side toward 4he sea Was blown away or engnlfed, and 
a caldera was formed. In this caldera Vesuvius begui to he huiH and 
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is now 400D feet high. ]?artly inclosing it is the crescentic ridge of 
Monte Soinma^ the remains of the rim of the caldera (Fig. 212). 

Since 1631| Vesuvius has been in a state of almost constant mild 
activity, with irregular periods of violent eruption. The three greatest 
eruptions in its history occurred in 79,1631, and 1906. In the eruption 
of 1906 three stages of activity were recognized. During the first stage, 
lasting four days, incandescent floods of lava were discharged from fis¬ 
sures that opened successively lower and lower on the flank of the cone. 
Earthquake shocks increased in violence and frequence, so that in effect 
there was a continuous earthquake for several hours. Great explosions 
of strombolian type blew immense quantities of incandescent lava thou¬ 
sands of feet into the air. By night the glowing clots illumined the 
surrounding region as by a gigantic pillar of fire. During the second 
stage gas was emitted in vast quantity; it escaped under enormous pres¬ 
sure and ascended as a continuquB blast with enormous speed to a 
height of 8 miles, where it fepread laterally as cauliflower clouds (Fig. 
213). It lasted all of the daylight of April 8, as a continuous blow-off. 
The discharge of this colossal jet of gas enlarged the crater. This stage 
was succeeded by the ejection of dark ash expelled by powerful isolated 
explosions. The whole eruption lasted 18 days, and when it ended the 
crater was 2200 feet wide at the top and 2000 feet deep. 

The mechanism of this great eruption is conceived to be as follows. 
The crater slowly filled with magma, which gradually by absorb¬ 
ing ground water and oxygen became superheated and gas charged. 
Finally the magma bored through the walls of the crater; escaping 
through the perforations and through fissures, it flowed out, thereby 
diminishing the pressure on the underlying gas-charged magma. The 
stupendous blow-off of the highly compressed gas then ensued, and the 
crater was reamed out. After the blow-off ceased, material began to 
avalanche into the crater. The relatively cold debris that thus fell 
into the crater was blown out by intermittent explosions, making the 
final, dark-ash phase of the eruption. Repose then set in, and Vesuvius 
began to recuperate. 

Not till 1913 did the crater begin to fill with lava- At length, in the 
fail of 1926, the accumulated lava flowed over the top, and again in 
1927 and 1928. In 1929 innumerable feas vents gave forth much hydro¬ 
chloric acid and deposited iron and alkali chloride. The crater became 
a lake of brilliantly incandescent lava. Pieces of f^ag were hurled more 
than 4 miles. Seismic activity, emanating froft^a shallow focus, was 
violent. Lava flows were poured out, extraorjj||M|j^ thinly fluid be¬ 
cause of their large gas content and thehr ht^Pwperature (about 



t .' /pepceiidii^ the i£K^ta|D^ tiiyerwl'^iij^ BieVi^l; 

0^ Meroh is, 18^, whei^'i^e Al^d had: feache^ 
ttiehr Boirth#^rd advance through I^y, VeStinuB ih a 



tacnilar eruption. Many lava flows were discharged, and impense 
titi^ of ash and cinders were bltJwn outi After a Week’s .actiyily>;.&e 
eruption ended as suddenly as it had begun... It wtts the-biggest, eri^i^ 
tion of the century. 

Vesuvius erupts lava of a xare type* This lava diff^ parkedly fresh 
the pateriai erupted (hningljie iniiiBlqutlMpak of i^ Sopn^ 

about 9500 B.C. Vesuvius ahd Sohhaa have blown but a great varji^y 
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ofioeks torn from tho fouadatiocs and the magma reserved; about 23 
kinds have been feeogni^. From these ejected^bkHsks, from 
the 3Burface geology, and from study of eartiiquake-jecords, the magma 
reservenr from which Vesuvnis draws its lavas and explosive energy is 
inferred to be at a depth of 15,000 to 18,000 feet (Fig. 214). The 
magma in tins reservoir is slowly solidifying, and the gas content be- 
ooines concentrated in the cmitinuously decreasing fluid portion, thereby 
bttUding up pressure and eiqjlosive power. Some evidence, based on tiie 
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Bfodified from A. AtMrnaym. 

Fzq. 214. Section through VesuviuB, showing the inferred magma reservoir at depth. 

change in chemical composition of the lavas erupted during the life of 
Somma and its successor, Vesuvius, suggests that the magma has t>een 
dissolving the limestone and dolomite wall rocks surrounding the re^.r- 
voir. It thereby augmented its gas content and its explosive power by 
the carbon dioxide acquired fey dissolving the carbonate rocks. In this 
respect Vesuvius is an abnorp^l volcano. 

Meteorite Craters: “Pgjmovolcanic” Features. A pit strongly 
resembling the explosion pit of an embryonic volcano indents the 
plateau near Flagstaff, Arisona (Fig. 215j. It is nearly circular in out¬ 
line, is 4000 feet across and nearly 600 feet deep. It is sunk into hori¬ 
zontal sedimentary strata. Encircling it is a low lidge made up of a 
wildly chaotic assemblage of immense blocks pf rock. Fragments were 
blown out as far as 6 miles from the pit. Some StTions of iron meteorite 
fragments found in and around the crater led to tfe^ Idea that the crater 
was formed by the impact of a huge meteorite^' llbcploration for the 
meteorite by drilling twenty-seven boreholes and sinking nine shafts 
has established that the strata beneath the pit are completely intact 




















N. G.^ L PHOTOOKAPH M ALBUT W. ITBV^; COD^tSBY NATIONAL GSOOmAPRIlC MAGAZINE 

Fi^. 215. Mifeor Cranr, ArisiMa, as sttn frm the mtheast. 


and undisturbed. Thereby the pit has been conclusively proved to be of 
nonvolcanic origin. This and other cogent evidence leaves little doubt 
that the pit was formed by the impact of a meteorite and the resulting 
explosion caused by heat generated by the impact. Hence the pit has 
been named Meteor Crater. 

In recent years many meteorite craters have been recognized in 
widely separated localities in the world. In the opinion of ballistics 
experts any meteorite more than 30 feet in diameter would on striking 
the Earth generate enough heat to volatilize completely. This heat 
would create at the place of impact a pseudovolcanio explosm. 

Erosion of VpLCANiHis 

Destruction of the Cones» During all its life a volcano is subject 
to weathering and erosion. Its height and general appearance at any 
^ven time are determined by the balance between t^se destructive 
forces and the constructive forces of volcanism. Even an active and 
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growing Volcano le trenched by ravines and gulches. After explosive 
^S^ptions, when the cone is freshly covered with dust |ind ashy this 
loose material becomes so saturated with wat^ from the rainfall that 
it slides down as flows of liquid mud, forming gullies which become 
enlarged by subsequent stoms. Such a mudflow overwhelmed the city 
of Herculaneum on the flank of Vesuvius in a.d. 79. It hardened4ike 
concrete and covered up the town so thoroughly that Herculaneum be¬ 
came completely forgotten and was discovered in 1738 only by acci¬ 
dent. The superior preservation of papyri and works of art in Hercu¬ 
laneum compared to those in Pompeii is due to the effective sealing 
provided by the concrete-like covering. 

As soon as a volcano becomes extinct, the ravages of erosion are no 
longer repaired, and demolition begins. The tuffs and breccias are car¬ 
ried away rapidly; the harder, more resistant flows and dikes and the 
parts protected by them are erods4 more slowly. It is surprising, how¬ 
ever, how long cones that are built of loosely piled cinders resist erosion 
and retain their form. They resist so well because they are built of 
porous material, which lets the rainfall sink into it without causing 
runoff. 

As erosion progresses, the volcanic neck consisting of the material 
filling the supply pipe of the volcano becomes exposed to view. When 
the cone is demolished, the volcanic neck, because of its greater re¬ 
sistance, generally forms a conspicuous prominence; and, when erosion 
has finally swept away all external evidence of the volcano and has 
revoaled the foundation rocks on which the volcano stood, the neck 
remains projecting, a monument to the vanished volcano. Eventually 
it also vanishes, the ‘‘roots” of the volcano become more and more 
deeply exposed, and finally all evidence that a volcano was once present 
is obliterated. 

Extinct volcanoes occur in every quarter of the globe, many of them 
where volcanic activity has long ceased. All stages of demolition are 
represented among them: from cones only slightly attacked by erosion 
to those so greatly eroded that the original shape has disappeared, but 
whose central rock shaft (the volcanic neck), outlying concentric 
masses of lavas, tuffs, and breccias, and radial dikes still plainly show 
that they were once volcanoes. 

The demolition of a volcano by erosion is mofit^easily visualized if 
the successive stages are shown within the area of ^jslngle volcanic field. 
In such a favorable area, because df the accidents df erosion, some vol¬ 
canoes have been left nearly intact, others have had their outer frame*- 
work removed^ and sfill others have been almost wholly destroyed. 
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dbvimiUii]^, the i&ftemal s^ucture of an active volcAno is hEicotuplct^y 
shown. Rarely are we given such an oppor|unity as at Kralcatoa, in,the 
Strait of Sunda near Java, where the catastrophic explosion of 1883 
blew away half the cone and revealed the anatomy of the yoleano. In 
general we must depend on erosion to reveal the internal structures of 
volcanoes. In this way, for example, it has been ascertained in certain 
deeply eroded volcanoes that their supply pipes change into dikes at 
depth. From this evidence we conclude that some dikes on approach¬ 
ing near the Earth’s surface have blown out an orifice. 

Borne confirmatory evidence has been gathered from actual min¬ 
ing operations. A few volcanic necks contain economically vahisble 
substances: the famous diamond-bearing pipes of South Africa are 
the most noted examples. There a certain volcanic neck filled with 
diamond-bearing breccia has been mined out to a depth of 3500 feet^ 
This neck narrows somewhat in depth, that is, it is funnel shaped; but 
other diamond-bearing necks were found to grade downward into dikes 
and the breccia that fills the necks to change into massive rock. The 
interpretation put on these facts is that magma rose along a fissure and, 
having arrived near the Earth’s surface, exploded its way through to 
the surface Presumably, such volcanoes were short lived. Longer- 
lived volcanoes are doubtless fed through conduits extending down to 
a magma reservoir. 

The “Roots” of Volcanoes. Volcanism, as we have seen, is only one 
effect, the surface manifestation, of the rise of magma from deep 
within the Earth’s crust. The present volcanism throughout the world 
is the continuation of an activity that has persisted since the beginning 
of geologic time. The present sites of activity arc not necessarily those 
of earlier geologic time. However, it is remarkable how long volcanic 
activity has persisted more or less continuously in certain areas—cer¬ 
tain parts of the crust have functioned as safety valves over millions 
of years. 

Although magma has risen to the Earth’s surface and has been ejected 
at Volcanoes and has also been discharged in colossal amounts during 
mass eruptions, much of it failed to reach the surface. It halted within 
the rocky crust, where on solidifying it formed bodies of intrusive 
igneous rock, ranging from insignificant to enormous dimensions. Such 
intrusive masses are the laccoliths, stocks, and batholiths previously 
described. The conduit of every extinct volcano, could it be traced 
downward^ would be found to join an intrusive mass below, or, if the 
conduit is feeding an active volcano, to extend into a body of magma— 
the volcanic reservoir—which in time will solidify as an intrusive mass. 
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IdFB AKD'DlBTBiBUTIOH OF VolUSANOES 

^ * 

Agfe of Volcaiibes. *Tho span of life of active volcanoes differs 
greatly in different individuals. Etna, as we know from written testi-* 
mony, has beat erupting for the last 2500 years as it does now. 
Its great volume compared to its slow rate of growth makes it probable 
lhat at least 300,000 years have been required to build this grand vol¬ 
cano. From the human standpoint that is an immense lapse of time. 
On the other hand, we know from geologic evidence that Etna did not 
begin to erupt until the middle of the Pleistocene, the most recent of the 
geologic time epochs. From the geologic standpoint Etna is a youthful 
volcano. 

It is impossible to judge whether a volcano is extinct or is merely dor¬ 
mant, because hundreds of years may elapse between eruptions. In the 
Middle Ages, Vesuvius had be^ dormant so long that its crater was 
overgrown with vegetation and it gave no sign of life. But in 1631 it 
became violently eruptive and has since been almost continuously 
active. 

New Volcanoes. A few volcanoes, about ten, have come into ^ist- 
ence during historic time. The first of these is Monte Nuovo near 
Naples, which was bom in 1538. In a few days it built a cone of 
trachyte pumice 450 feet high, but discharged no lava. At the end of 
a w^eek it ceased activity and has never resumed. 

Izalco in Salvador, which began in 1770, blew out fragmental ma¬ 
terial at first, but soon ejected lava, which continued for five months. 
The volcano has been almost continuously active over since and has 
built a cone 2600 feet high. In its short life Izalco has already dis¬ 
charged more lava than any other Central American volcano, and it 
ranks among tlie world's most active volcanoes. 

Violent activity broke out in 1937 in Blanche Bay, the principal 
harbor of New Britain in the South Pacific. Two volcanoes, Matupi 
and Vulcan, were simultaneously in eruption. Vulcan was a newcomer 
and in a day or so built a cone 700 feet high. The volcanoes threatened 
to overwhelm Rabaul, the capital town; consequently the Government 
gave orders that the town be evacuated, and its 4500 people were moved 
to a safer place. 

Tim infant among volcanoes is Faricutin in M^co, 125 miles due 
west of Mexico City (Fig. 216). On February 1% liSp, some 300 earth¬ 
quakes occurred. Next day the new It blew out 

in the field of Dionisio Pulido, who had to pasture hia sheep. 





Fig. 21i. AniNWm, 0* vifIcMi, m tUkut teOmty, 
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AeeDidiiig to hi« aecouat^ about noon he saw the first smoke issue in 
thin white colunms. By^four o’clock flames burst out accompanied by 
clouds of dense smoke, esplosiona, and loud noises. After that, activity 
rapidly intensified. By the fifth day the lusty young volcano had 
already built itself a cone 300 feet high and was exploding continu¬ 
ously at the rate of 17 explosions a minute. Ten days later it was 722 
feet hi^. It kept growing in height, and on its first birthday was 1410 
feet high. Early in the life of the volcano basic lava began to flow out 
from near tlie base of the cone. Other flows followed. The temperature 
of these lavas near the source was 1200®C. Spectacular effects were 
common, especially at night, when there were magnificent displays of 
fireworks. During the early months the volcano blew out mainly in¬ 
candescent bombs, generally 3 to 5 feet in diameter, occasionally 15 
feet. Red and orange as seen at night, the bombs falling on the cone 
and rolling down its flanks illumined the whole volcano in a mass of fire. 

Paricutin is in a region containing scores of large basaltic shield vol¬ 
canoes, as vrell as thousands of basaltic cinder cones, all of about the 
same size as Paricutin. Jorullo, a new volcano that came into existence 
in 1759, breaking out in the middle of a plantation, is 45 miles southeast 
of Paricutin; after it had attained a height of 1300 feet it became 
inactive. 

Paricutin, as well as all the other new volcanoes, has broken out in 
a volcanic area. The probability is therefore small that any volcano in 
the future will break out in a nonvolcanic area. However, four hundred 
years of immunity for the nonvolcanic areas, which is the span of time 
on which the prognosis is based, is insignificantly short in the long- 
range view of geology. In the light of the fact that volcanoes in the 
geologic past have broken through any part of the Earth’s crust regard¬ 
less of its constitution, the possibility exists that at some time volcanoes 
will break out in areas now nonvolcanic. 

Volcanic Activity at Lassen Peak. No well-authenticated volcanic 
eruption was witnessed within the limits of the United States (outside 
of Alaska) until May, 1914, when Lassen Peak in ;aorthern California 
erupted explosively. The eruptions were chiefly of g&ses and rock frag¬ 
ments, In 1915 two enormous explosions took place—two great blasts 
that blew out horizontally from beneath the Java plug In the top of the 
volcano and laid waste a wide swath of Lassen Peak is a 

decadent volcano, whose explosiveness appears^ ^ be stimulated by 
water from melting snow gaining access to the $til¥«iiquid magma that 
is Solidifying and crystallizing witlun the conduit, Jn recent years the 
only activity has been the feeble emission of gases. 
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Geogtiphic Distributton of Volcaitot^ii. Tho fireseiit actiTe 'vci-^ 
canoes i^oeed 500; but those donnant or but recently extinct, as ^^iown 
by their sli^tly eroded ccmdition^ amount to several thousand. 

Volcanoes tend to occur in long belts on the E^h's surface. The 
xdost marked of these belts encircles the Pacific Ocean. It extends 
northward along the Andes, through Central America into Mexico, 
through the United States and Canada to Alaska, then along the Aleu¬ 
tian chain to Asia, and, turning southward through Kamchatka, Japan, 
and the Philippines, it crosses the East Indies, and by various island 
chains again passes into the Pacific, Portions of this belt, like the 
Andes and the Aleutian chain, are remarkably linear and well devel¬ 
oped (Fig. 217). Linear arrangement of volcanoes occurs not only on 
this large scale, but also on a small scale, as shown by the occurrence of 
isolated groups of volcanoes along lines. 

Volcanoes occur both on the continents and in the oceans. They are 
notably abundant in the Pacific; some are extinct or dormant, but many 
are active; in fact, three-fifths of all active volcanoes are in the Pacific 
alone. Here also many of the X'olcanoes occur along lines and stand on 
submarine ridges that rise from the deep-sea floor. A superlative 
example is the Hawaiian ridge, extending for 1800 miles and crowned 
with mighty volcanoes, active and extinct. The linear arrangement of 
volcanoes suggests that they are as a rule situated on, or near, lines of 
weakness marked by fracturing or by folding in the Earth^s crust (p. 
400). 

On the other hand, a volcano, or a group of volcanoes, may originate 
withoiit being connected with fractures or with axes of folding. Vol¬ 
canic forces have been sufficiently powerful to bore or blast their way 
to the Earth’s surface without the aid of a fracture in the outer crust. 

That almost all active volcanoes are situated either in the sea, or 
around its borders, and if inland are in or near lake^, has led many to 
believe that there must be a necessary connection between surface 
waters and the cause of volcanic activity. This question is considered 
later in the discussion of the origin of volcanoes. 

Subaqueous Plows; Pillow Lavas. From the prevalence of vol¬ 
canic islands in the sea, it is evident that vast outpemrings of la\'a have 
occurred on the sea floor. The volcanic chain of the Hawaiian Islands 
is an example of this. Eruptions in progress beneath the sea have been 
recognized by the issuance of vapors and ash from the water. Thus, in 
1831 a volcano was formed in the midst of the Meditemanean Sea, 
making a new island called Oraham’s Island. Being composed of loose 
material, it was soon reduced to a shoal by the Waves. The three 
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Bogofilov vQl4»noeB hi Bering Sea {<miied io 1796,1383, and 1006 a» 
oth<^ exatoples. Lj 1934 two new Toictmqos' aj^ieared above the 'fea 
near lapan; one, in the north, is.hasaltic and grew to a hri^t of 4QP 
feet} the other, in ihe south, is riiyolitic and stands 80 fedi above sea- 
lev$L 

Ehuptioos occur also on the floors of boifies of fresh water. More¬ 
over, streams of lava flow from tlw land into the sea or into lidtes. 
Bataltic lavas that were erupted subaqueously or that flowed into 
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Fig. 218. Pillow lava, the result of eruption under water. 

bodies of fresh or marine water may take on a curious internal structure 
during solidification. The resulting lava flow resembles a pile of 
pillows, the individual pillows along their contacts showing mutual 
indentation and accommodation to the shapes of their neighbors (Fig. 
218). Such lavas are expressively termed piUov) lavas. Consequently, 
when we find pillow lavas intercalated between sedimentary rocks, we 
infer that they were erupted into a body of water. 

Mass Eruptions, Lava has been poured out on a gigantic scale at 
intervals since the beginning of geologic time and has deluged enormous 
tracts of country. These floods of lava were discharged from deep¬ 
going fissures in the Earth’s crust, that is, from fissures not connected 
with volcanoes, and were erupted with little accompanying explosive 
activity. By these outpourings immense broad plains or plateaus have 
been formed consisting of superposed horizontal sheets of lava with n 
few iutercalpted beds of tuff. 
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Fig 219. Basaltic lava, shctotng tht bon^ontal superposttton of flow upon flow. 
Tbi difl is 2000 feft btgb. Coluinbia Ktvtr, near Trtnidad, Washington 


A basalt plateau formed in this way is the immense lava held of the 
Columbia Plateau in Washington and adjacent portions of Idaho and 
Oregon, which is 200,000 square miles in extent. As shown by the deep 
canyons of the Columbia River, Snake Riv^,.and other tributaries, the 
lava pile is as much as 4000 feet thick fFtg» ^19). The Deccan trap 
(basalt) of western India now extends over a compact area of 250,000 
square miles, but erosion has been at work ever since it was erupted 
60 or 70 million years ago and has detached msiny areas as outliers. 
Originally the Deccan trap extended as a continuous basalt plateau 
over nearly 500,000 square miles. In places the piled-up lava sheets, 
which are individually thin, averaging about 15 feet, total 10,000 feet 
in thickness. 

The horizontal layering of the lava sheets that make up these 
plateaus testifies to the extreme fluidity of the issuing magma, which 
pennitted the lava to flow on a nearly level surface for many miles 
before congealing. Another result of the easily fluent nature of the 
lavas is that the average flow is only 15 to 40 feet thiek. In the vast 
quantities of lava that have issued as mass eruptions to form the 
plateau basalts, in the Columbia Plateau and.peecan as well as many 
other regions, we see the most vduminous of vokanism. 

Although basalt is the lava chiefly poured ou£ from Assures by mass 
eruption^ rhyolite has been poured a similar grand scale in 

certadiyfegionB. 
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Otig:tii of tbe Hoat. The downward increaBo of temperature, meaa** 
urable ih twoels, mines, and boreholes, indicates that at depths heater 
than 25 to 50 miles the temperature will exceed that of known magmas, 
1000* to 1200“C. According to a view long held, this heat is original, 
in the sense that it is residual from the formerly molten state of the 
globe, which in spite of its great age is still intensely hot at moderate 
depth. 

The discovery of radioactivity has shown that some of the chemical 
elements are spontaneously disintegrating and that during this process 
they are giving off heat in notable quantity. Uranium and thorium 
are the elements of most importance. Consequently if there are local 
concentrations of radioactive matter in the crust, the heat generated by 
radioactivity in those places will gradually accumulate after the lapse 
of millions of years, melt the rock matter, and produce bodies of 
magma. According to this idea the radioactive changes that are going* 
on within the Earth produce the heat necessary for volcanic action and 
even for the vaster igneous manifestations represented by the enormous 
batholiths that rise from the depths during epochs of mountain making. 

Radioactive matter is universally present in all rocks, in extremely 
minute concentration. However, if the rocks deeper in the crust contain 
as much radioactive matter as those at the Earth’s surface, the amount 
of heat evolved will be so large that the Earth w'ill not be cooling off, 
as it was hitherto thought to be, but will actually be heating up and in 
time will become molten. It is certain, however, that the amount of 
radioactive matter diminishes greatly in depth. Manifestly, the radio¬ 
active content of the Earth’s crust is of profound importance to its 
thermal condition, but it is too early yet to come to positive conclusions 
based on these revolutionary discoveries. 

Origin of the Diversity of Magmas. Why the Earth has yielded, 
and is still yielding, so great a variety of magmas is a highly interest¬ 
ing problem. Different volcanoes erupt lavas of different kinds. 
Vesuvius erupts one kind, Etna another. More remarkable still, mdgh- 
boring volcanoes may erupt very unlike lavas. Stromboli and Vulcano 
are in the Lipari Islands north of Sicily, only 25 miles apart: Stromboli 
is ejecting basalt, but Vulcano in the recent past has ejected rhyolite- 
lavas about as far apart in composition as possible. 

Furthermore, a volcano during the course of its life may erupt lavas 
of several kinds. As many as five kinds of lava were erupted from San 
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S'raneiaeo M^^untain, a large extinct volcano rmng 5000 feet above the 
|}lateaa of northern Anxona. The lavas that Vesuvius is now emptieg 
differ greatly from the material elected by its ancestor Somma: Evi^ 
dently an evolution has been going on through ihe centuries in the reser-^ 
voira from which the volcanoes were fed. During a period of long 
repose of a volcano the composition of the magma in the reserv^^Oir may 
change, so that, when the volcano erupts again^ lava of a different kind 
is ejected. What causes the changed composition of the magmas 
erupted? It is believed that originally a magma of uniform composi* 
tion filled the reservoir beneath each volcano and that by a series of 
internal changes this magma altered in composition. 

The process by which a magma of initially homogeneous composition 
changes is called magmatic differentiation. This process accounts not 
only for the diversity of lavas erupted, but also for the variety of 
igneous rocks that make up the intrusive masses—^the laccoliths, stocks, 
and batholiths. The methods by which magmas differentiate are many 
but need not be explained here. One, however, is readily visualized. 
During periods of repose, the top of the lava column in the pipe of the 
volcano crusts over. Below this crust, the more *'basic” minera.te crys¬ 
tallize out slowly and, being heavier, sink in the still-liquid portion. 
Thus there accumulates a heavier, less silicic layer overlain by a lighter, 
more silicic layer. When the volcano erupts again, the first material 
ejected is more silicic, and the later material less silicic. An extreme 
illustration of this principle appears to be given by the 1931 flow of the 
active volcano on Reunion, an island in the Indian Ocean. In that year 
it discharged a long stream of rapidly flowing lava, more than half of 
whose bulk consisted of large crystals of olivine, although the normal 
basalts contain olivine not visible as a rule to the unaided eye. The 
great abundance of olivine in the lava of 1931 was the result of the 
settling out of these crystals toward the bottom of the reservoir during 
a period of quiet; later, the magma thus enriched in olivine was erupted. 

Magniatic differentiation within the volcanoes reservoir accounts for 
the variety of lavas erupted from one volcano/ It dpea not account, 
however, for the fact that the reservoir of each volcano was initially 
charged with magma of differing composition. Differentiation within 
deeper-seated bodies of magma is invoked an explanation. The 
composition of the magma with wfaieh the.rc^rvoir of the volcano 
is initially charged is determined by the of differentiation that 
had been reached in the deep-seated pa;)^t mass when some of it was 
expelled to a hi^er level in the crust io^l the volcanic reservoir. 
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enormoiis volumes of lava at intervals throughout the whofe spau of 
geolo^c time are of basaltic composition. An ample source of basaltic 
magma in depth is thus demonstrated. Probably a layer of basalt in 
a potentially liquid state underlies everywhere the visible crust. We 
say ^'potentially liquid’^ because the evidence from the study of earth¬ 
quakes, as shown in Chapter 16, suggests that the material at the depth 
of the supposed basaltic layer has rigidity, a ju’operiy foreign to liquids. 
Because of the tremendous pressure in the Earth’s depths, the material, 
although very hot, is probably not liquid but rigid. Therefore, if the 
pressure on the layer of potentially liquid basalt is relieved at any 
place, as for instance by upward buckling of the Earth’s crust or by 
reduction of the superincumbent load as the result of deep erosion, or 
by both, melting would ensue, and a body of magma would form. 

Origin of the Gases. The chief magmatic gas is superheated steam* 
(referred to also as water vapor, or simply as water). It generally 
makes up &5 per cent or more of the total content of gases dissolved in 
the magma. This water may have been part of the original Substance 
of the Earth, entrapped in the molten rock matter at or shortly after 
the time the Earth was formed. It may have been in part formed by 
the union of hydrogen, an original constituent of the magma, with 
oxygen of atmospheric or other origin; or it may be water that was ab¬ 
sorbed by the magma from the surrounding rocks; or it may have been 
acquired by the magma in melting up rocks containing wat^r-bearing 
minerals. A quantitative evaluation of these possibilities is beyond the 
present powers of science. A magma that has dissolved much limestone 
has become highly charged with carbon dioxide, which, after super¬ 
heated steam, is the most abundant volcanic gas. Such absorption of 
limestone would generate enormous pressures, and such local develop^ 
ment of pressure may have determined the sites of certain volcanic 
vents. Vesuvius, as already mentioned, is believed to owe its explosive 
power in part to this process. 

The combustible gases—^hydrogen, sulphur, hydrocarbons—app^r to 
be original constituents of the magma. Their combustion, especially 
that of the hydrogen, produces the only true flames seen at an eruption, 
and the heat liberated makes the magma somewhat hotter ibm it is at 
greater depth in the vent. 

That many volcanoes are in or near the sea or near lakes was 
merly considered to be strong evidence that the gaseous water contahied 
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hi the wqb obtained from descending surface water. But this 

e^dence when examined loses part of its force. The nearness of some 
volcanoes to the sea, like those of North and South America, is 6nly 
relative to the sizes of the continents. Actually they are far inland: in 
Smith America 100 to 250 miles, and this includes some cones still 
active—^like Cotopaxi—^which are not near any inland water body? in 
North America 30 to 130 miles or more. Although most of these are 
extinct, most of them when active were not near any bodies of water. 
However, volcanic cones are permeable edifices, and ground water can 
move freely through them; and some volcanologists regard it as highly 
probable that magma standing in the crater and supply pipe of a vol¬ 
cano absorbs water from the surrounding rocks and thus augments 
enormously its explosive potentiality. 

Cause of the Rise of Magma to the Earth’s Surface. Two analogies 
have long been used in explaining the rise of magma to the Earth’s sur* 
face. The escape of lavas, said Dutton in 1880, **i8 analogous to what 
takes place when a bottle of warm champagne is suddenly uncorked.” 
The energy of the imprisoned gases is thus considered to be the prime 
motive pow_e r. For the volcanoes that are fed from shallow reservoirs 
this still appears to be the most reasonable explanation. Thef other 
analogy is that of the cracked ice pond, with the water flooding out on 
the ice. According to this idea, the g ross weight of the overlying cyove r 
of solid rocks forces the rngj ana upwar d. The explanation thus sug¬ 
gested appears to fit eruptions of the type illustrated by the Hawaiian 
volcanoes, which are fed not from reservoirs within the crust but from 
the basaltic layfcr below the crust, and it appears to account particu¬ 
larly well for mass eruptions. 

Fumaboles and Hot Springs 

During the dormant periods between eruptions many volcanoes give 
off steam and other gases. Long after a volcano has ceased to be active 
these emanations may continue to issue from its crater or from its 
flanks. Furthermore, large bodies of magma that rose to higher levels 
in the crust without breaking through to the surface have^ while solidi- 
fying, given off their dissolved gases. These gases escape through fis¬ 
sures to the Earth’s surface. The gases issue the surface either as 
gases or, if sufficiently cooled, as lif^uids. The escaping gases will be 
considered under the general heading ol ifumari^s, the liquids under 
hot springs. 
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VvmBXotm, Fufmrole& (£mm the Latin fwmare^ to smolm) ^re fisr 
or holes in the rocks firom which stea|n and otiier ga$es esoajpe. 
The fume or ^^smoke^^ oi tbe Tumarole is thetWore mainly steano^ which- 
generally forms 99 per cent of the total. Other gasc^, such as carbon^ 
diaxklei hydrochloric acid, hydrogen sulphide, hydrogen, methane, and. 
others, also occur. Fumaroles that give oS sulphurous -yapors are > 
termed solfatdras, from the Italian word for sulphur. 

Besides the substances already mentioned, the gases emitted by some 
fumaroles cany metals, such as iron, copper, and lead. These metals 
have been rendered volatile by the presence of chlorides and fluorides 
in the magma and consequently are able to leave the magma and escape 
into the surrounding rocks. As they approach the Earth’s surface the 
volatile metallic compounds begin to react with the other fumarolic 
gases and are deposited as metallic minerals in the fissures throU^ 
which the gases are streaming. Hematite is probably the commonest 
mineral formed in this way. During an eruption of Vesuvius a fissure 
3 feet wide was thus filled with hematite in a few days. Galena, the. 
chief ore mineral of lead, is occasionally formed at Vesuvius as the 
result of reaction between the lead chloride and the hydrogen sulphide 
emitted from the fumaroles. When this happens, ores, as it were, are 
actually being deposited under our eyes. In fact, the contemplation nf 
these phenomena on the flanks of Vesuvius first suggested the fruitful 
idea that there is a genetic relation between igneous rocks and the oc¬ 
currence and origin of ore deposits throughout the world. 

The gases issuing from some fumaroles are exceedingly hot. In the 
remarkable fumarole field known as the Valley of Ten Thousand 
Smokes, which came into existence in 1912 at the time of the cata¬ 
strophic eruption of the volcano Katmai in Alaska, temperatures as 
high as 645^0. have been measured. Some of the fumaroles occurring 
in the Valley of Ten Thousand Smokes are shown in Fig. 220- 

Volcanoes that discharge only gases are said to be in the fumarolic 
atage, or, if the gases carry sulphur compounds, in tlie solfaimic stage. 
Some of the great cones of the Cascade Range, such as Shasta, are in 
a feebly solfataric stage. Although the steam given off by a fumafnle 
is probably in the main derived from the magma, its amount is likely 
to be increased by subsurface water that becomes vaporized, either by 
contact with hot rocks or by the hot gases of the fumarole itself, 

Carbon dioxide gas is given off copiously in many places of active 
volcanism and in many places where volcanism has long ago died out. 
In some places carbon dioxide issues directly from the ground as a gas 
spring. Being heavier than air, the carbon dioxide collects during atifi 
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Ftg 220 Fumarolts tjsmng from fh floor of the Valloy of Ten Thousand SnudtOs^ 
Alaska, 


weather in depressions near the vent; and, as it is colorless, tasteless, 
and odorless, pools of this gas are veritable death traps for animals 
that happen to enter them Their deadliness is attest^ed by ‘^Death 
Gulch" in Yellowstone Park, where animals as large as grizzly bears 
have become asphyxiated. 

Carbon dioxide given off by magma solidifying in depth may come 
in contact with ground water, which thereby becomes charged with the 
gas. If this carbonated water passes through limestone, it readily dis¬ 
solves the limestone. When it emerges as a spring at the Earth’s sur¬ 
face and the carbon dioxide escapes, it deposits the dissolved calcium 
carbonate as travertine. In this way immense masses of travertine 
have beeii formed by Mammoth Hot Springs in Yellowstone National 
Park Not all travertine deposits, however, are made by hot springs 
whose carbon dioxide is of magmatic origin. As ^own on page 131, 
some travertine deposits have been made by icings whose carbon 
dioxide is of nonvolcanic origin. 

Hot Springs of Volcanic Regions, well as fumaroles 

abound in many volcanic regions. The tiUjjrmal springs that have no 
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cofii&6cti<ni with voteatiismi #uch as those at Hot Sprii^^ Vitgioll^ 
have already been mentioned (p» 125). In nutny Yoloanie legixsaB an 
diy season eomes on some oi the hot spring beooxne fuinaroles^ 
when the wet season returns the fumaroles become hot .springs. TMsf 
evident seasonal alternation leads to the theoiy that hot springs are fed 
chiefly by ground water that has beccnne heated by magmatic steam. 
If the descending ground water that enters the fumarole fissure is too 
abundant for the heat supplied by magmatic steam to vaporize it, the 
fumarole becomes a hot spring; in short, such a hot spring is a 
"drowned** fumarole. The circulatory system of a hot spring is in 
principle like the hot-water heating system in a house, but, instead of 
a furnace in the basement supplying the heat, magmatic steam fur* 
nisfaes the heat necessary to keep the hot spring flowing. The greater 
weight of the downward-moving column of cold water forces the 
warmer, lighter column of water to move upward to the e?dt at the 
surface, where it issues as a hot spring. 

It is impossible in general to tell how much of the water (and steam) 
of hot springs and fumaroles is of surface origin and how much is of 
magmatic origin. The proportion contributed by each source doubtless 
differs in different regions. The hot springs in Lassen Volcanic Na¬ 
tional Park and Yellowstone National Park are estimated to consist of 
10 per cent of magmatic water and 90 per cent of water of surface 
origin. 

That magmatic steam has contributed to the hot springs of volcanic 
areas is indicated by the presence in the waters of such substances as 
arsenic, boric acid, and other constituents in quantities and under con¬ 
ditions that show that they could not have been dissolved out from the 
surrounding rocks of the country. The water of the hot springs of 
Yellowstone Park is largely of surface origin (about 90 per cent, as 
already mentioned), w^hich becomes heated in depth by the condensa¬ 
tion of magmatic steam in it and returns in this heated condition to the 
Earth’s surface. 

Although there are many kinds of hot springs, according to tempera¬ 
ture and substances in solution, the most interesting are boiling springs 
and geysers. 

Boiling Springs. Boiling springs are a feature of many volcanic 
regions. They are abundant in Lassen Volcanic National Park and in 
Yellowstone National Park, especially in the geyser basins. They grade 
from pools that are hot but rarely boil, or else simmer quietly, into 
springs that boil strongly and steadily. Some even boil violently imd 
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somevrbat i^x^loeively, interrupted by short periods of repose. The vio- 
letdily boiliBg springs fond transitions to geysers. As long ns a spring 
has a Btfficient supply of water to maintain an overflow, it remaiins 
Iknpid and is usually deep blue or green. But if the spring by its boil¬ 
ing evaporates the water as fast as it comes in, the water becomes more 
or lees turbid from particles of disintegrated rock and eventually be- 
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Fm, 221. Vertical section to show the conditions necessaiy for geyser action. White 
areas represent large cavities in which steam accumulates. 


comei3 a mass of boiling rand. Such hot springs are called “paint pots/' 
or “mud pots.” 

Geysers. A geyser is a hot spring that at intervals erupts a column 
of hot water and steam. Geysers have marked individualities of their 
own, as is strikingly shown in Yellowstone National Park. Some 
geysers eject a column of water but a few feet higjij such as the beau¬ 
tiful Sapphire Pool, which is a geyser almost suffocated but still at¬ 
tempting to erupt every 10 minutes. Others blow Out columns as high 
as several hundred feet. The highest gOyser ibr ’Yellowstone Park is 
the Giant, 250 feet. The world's record height Wfti achieved by Wai- 
mangu, in New Zealand, which erupted tp, a he^g^t of possibly 1000 
feet, but the very intensity of its eruptionf appears to ha^e ended the 
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this geyser io the spaat of 3 years. The eruptioBB of BCHne 
geyeers last a few seeonde, in others they rf^ge tip to several haoiire; 
and the water discluuged ranges frcnn a snmll quantity to hubdredtof 
tiiousands of gallons. Some geysers erupt at regular iiiterval8> but modi 
ert^d) at irr^lar intervals, ranging from imnutes to hours, days, we<^ 
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Fig. 222. Siboeous sinter cone erf Lone Star Geyeer. Yellowstone Natienud Fafle. 

or even longer: in some, years elapse between eruptions. Geysers are 
not common; in fact, almost all are in three regitms: Yellowstone Na¬ 
tional Park, Iceland, and New Zealand. 

Some geysers erupt into pools, which are several feet or yards across 
and may be rather deep. Most of these pools are ornamented aaxm&d 
their sides and in ^e adjaewt overflow areas by d^Misits of opaSae 
silica, called fHiceout sinter or geyserite. Frcnn the orifice of evety 
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^egraer a tube exteada downward in depth ae ahown in the diagram (Fig. 
^1). The tube tlmt feedd a geyaer pool is filled, except after each erup¬ 
tion, with wat» at or near the boiling point. Other gcysera have no 
vhdble water in their tubes between eruptionB and therefore have no 
pools around them. For all that ean be seen at the surface they might 
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Fiu 223 Old Faithful m eruption. Yellowstone National Park. 

be extinct. Some geysers have built cones of g^s^aerite around their 
orifices, from a foot to several yards high, which form upward exten¬ 
sions of the tubes (Fig. 222). 

The most celebrated geyser in Yellowsttme ISational Park is Old 
Faithful, BO named because it erupts with almq^^ock-like regularity. 
It averages about 66 minutes between eruption^ rarely going off 
schedule. It plays to a Iwight of 110 to 160 fa^ (Fig. 223). About 
10,000 to 12,000 gallons are blown out dmlbg eaeb eruption. Year in. 
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tivit^. A eoloflsal ainount of heat ia thus brought to the sar^m by 
Faithful, not to mention that brought by other 200 geyws in ^ 
Park. The only possible source of this heat is superheated steam 
off by an intru^ve mass of magma that is eooling and solidifying in 
depth. 

The water of OM Faithful carries silica that it has dissolved out of 
the rhyolite through which it c^pts, and this silica is being slowly 
deposited around the orifice as gelatinous silica, which hardens into 
siliceous sinter a few inches thick on tlie dome. 

Since the Park first became known to the white man in 1871, a few 
geysers have become extinct or dormant, and several new ones have 
come into being. These changes do not mean that thermal activity in 
this region is likely to decrease in the immediate future, but merely 
that some changes in the underground system of pipes and fissures that 
supply the hot water are taking place. Altogether there are 200 geysers 
in the Park, and the hot springs, fumaroles, and other thermal v^ts. 
exceed 3000. The amount of heat thus brought to the surface is enor¬ 
mous, being sufficient to melt about 3 tons of ice per second. 

Cause of Geyser Action. The intermittent spouting of a geyser de¬ 
pends on the delicate adjustment of several factors: the amount and 
rate of inflow of subsurface water, the supply of heat, and the “plumb¬ 
ing,” comprising the geyser tube and its underground connections of 
pipes and fissures. Because of so many variables, it is easy to under¬ 
stand why each geyser has its own idiosyncracies. As Allen and Day 
have pointed out from their long study of the geysers of Yellowstone 
National Park, the explanation of geysers is not sd simple as generally 
considered. 

The explanation of geyser eruption depends ultimately on the rela¬ 
tion between pressure and the boiling point of water. The boiling point 
of water under the ordinary pressure of the atmosphere at sealevel is 
212®r.; increase of pressure raises it, a decrease lowers it. Conse¬ 
quently, the boiling point at the bottom of a column of water is raised 
by the weight of the water above it. As shown in Fig. 221, the boiling 
temperature gradually increases in the tube of the geyser from the 
surface downward. If the tube is regular in form and large in diameter, 
convection currents become active as the water becomes hotto*, tints 
mbdng the water. Consequently it becomes nearly of the same tam* 
perature in all parts of the tube, and a boiling spring results. But if 
the tube is narrow pr tortuous, the mixing of the water by ponveetion 
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IB prevented, end the water reaches its boiling point in the deeper levels 
at the increased temperafures corresponding to the neater presaiires. 
Suppose ttiat at various points in Fig. 221 heat is being supplied by 
steam entering the pipes of the geyser. At first the steam condenses to 
water, thereby supplying a large amount of heat. Consequently the 
temperature of the water in the geyser system gradually increases until 
it is at the boiling point corresponding to the depth and pressure, when 
the steam can no longer condense but accumulates. Finally when 
enough steam has accumulated in this way, its expansive power lifts 
the water in the geyser tube until some overflows at the orifice, or, as 
in Old Faithful, until jets of water 10 to 25 feet high are blown into the 
air, thus heralding the coming eruption. These preliminary actions re¬ 
duce the length of the column and thus lower the pressure on the water 
in depth; and this water, being now above the boiling point for the 
diminished pressure, flashes intolteam, and a column of mingled steam 
and hot water is blown out of the tube into the air. 

To account for the great quantity of water ejected by some geysers, 
much larger than the capacity of their tubes, it is necessary to assume 
that the tubes are connected laterally with one or more chambers, in 
which water and steam can accumulate. 

That the geysers and other hot springs of the Park derive their heat 
from a deep-seated source is shown by their occurrence not only nlong 
the shores but also within Yellowstone Lake itself, an immense body of 
cold water beneath which the rocks must hav^ cooled to a considerable 
depth. The deep-seated source is probably a large^body of consolidat¬ 
ing magma, a batholith, from which superheated steam issues along 
fissures; and, where this ascending steam meets the ground water, hot 
springs and their most spectacular manifestation, geysers^ are formed. 

Economic Utilization of Fumabolb Fields 

Fumarole fields have been developed in recent years so as to yield 
large supplies of steam for power generation. Tbi^ fumarole field of 
Tuscany, north of Rome, was the first to be developed^ In an area of 
140 square miles a large number of fumaroles are giving off superheated 
steam. From 1818 onward these fumarotcB havq been utilized to re¬ 
cover the boric acid that they are bringing up ik^iKdutian. In 1904 a 
dynamo was driven by using the fumarolic and subsequently 

large-scale development of this resource bas^takeia |place. Four c^tral 
power houses, capable of generating 25,000 horsepower, have been built, 
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mi power in transmitted to Florenee, 60 miles mey, Hsa, and oi&er 

citaee* 

The fnmarolic steam is M per cent pure steam and 6 per cent 
weight of other gases, chieSy carbon dioxide, which is bemg recover^ 
and used as a refrigerant. It is planned to recover also the small ad* 
mixed quantities of sulphur dioxide, methane, and helium. The steam 
is thus being fully utilized, both thermally and chemically. Wells have 
been put down to a maximum depth of 60Q feet, and the flow as well as 
the temperature of the steam increases as depth is gained. Notable is 
the fact that the fumarole field is in sedimentary rocks, the nearest vol¬ 
cano being 15 miles distant. The somce of the steam is thought to be 
at a depth of 15,000 to 25,000 feet, probably a large body of granite 
magma. 

At “The Geysers” in the Coast Ranges of California, 75 miles north 
of San Francisco, is an area of 35 acres containing a few feeble 
fumaroles and some small but very hot springs. The name “The 
Geysers” is a misnomer, however, as none of the hot springs is erup-‘ 
tive. Some of the steam vents, by suitable control of their outflow, 
have been converted into artificial geysers, which can be made to play 
at the convenience of the visitor. In 1921 the idea was conceived of 
drilling wells in this area to develop a flow of steam for power purposes. 
Eight wells have been put down, the deepest being 650 feet, and copious 
supplies of superheated steam have been developed. In fact, it is esti¬ 
mated that four of the wells will on the average deliver more than 1300 
horsepower each. As in Tuscany, the deeper a well is drilled the greater 
the flow of steam and the higher its temperature. 

The power possibilities of the fumarole fields in Java also are being 
investigated. One of the fields was bored in 1926. The most promising 
well, 220 feet deep, yields steam sufiBcient to generate 1200 horsepower. 
It is reported that power is generated at one-third the cost of hydro¬ 
electric power. Many fumarole fields in Java, as well as others in the 
near-by islands of Sumatra and the Celebes, remain to be tested. Vol¬ 
canic energy is being utilized on a small scale at Kilauea, in Iceland, 
and in Japan. 


VonCANOLOOY AND HvMAN AfFAIBS 

The human race is extraordinarily pertinacious in continuing to live 
around volcanoes and even high up on ibeir slopes. Vesuvius, “the 
pride and terror of Naples,” is thickly siirrounded by towns and vil- 
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IftgeB and is covered with gardens, groves, and vineyards that extend 
far tQ) toward its summit. Etna is cultivated up to an altitude of 4000 
feet, iutensively below an elevation of 1500 feet—orange and lemon 
groves, vineyardB, and oleanders, all in vivid contrast to the black lava 
dows. Monte Rosso, 700 feet high, the largest cinder cone on Etna, 
built in 1669 during the most disastrous eruption in the history of Etna, 
is now green with vineyards half way to its summit. 

Java, distinguished for its large number of highly active volcanoes, is 
nevertheless the most densely populated area of its size in the world. 
Here the social, or societal, aspect of volcanology has been most fully 
recognized. The Netherlands Grovemmcnt has instituted a Volcano- 
logic Service, which by prognosis and warning of pending outbreaks 
and by defensive measures reduces the dangers of volcanism. The 
volcano Eclut broke out in 1919 after a dormancy of eighteen years. 
During the interval a crater lalie had formed, and this water now 
rushed down the valleys, killing 5500 people. Tunnels have since been 
driven into the crater to drain it, rendering repetition of the disaster 
impossible.' Coming eruptions are often indicated by local, “volcanic” 
earthquakes and especially by increasing temperatures of fumaroles. 
Instruments for recording earthquakes have therefore been installed at 
critical localities, and systematic measurements are made of the tem¬ 
peratures of the fumaroles. For Merapi, a notably active volcano, the 
records show that when the fumarole temperatures reach 600°C. there 
is danger of an eruption. 

The bombing of a lava flow on Mauna Loa by the Army Air Force 
has already been recounted. It is the hope of volcanologists in Hawaii 
and in Sicily that, if proper measures are taken, such as, for example, 
construction of embankments, lava flows that threaten productive land 
can be diverted into unproductive territory. 

A brilliant example of diagnosis and prediction was giv^ by the vol¬ 
canologist Ferret during the eruption of Mont Pelce in 1929-1932. 
After the eruption bad continued five months, during which hundreds 
of pelean clouds bad oeen projected, he was able t&make the reassuring 
announcement that, although the eruptive actirif^ was likely to con¬ 
tinue a long time before it would cease, nevertheless it would thereafter 
be tranquil. Based as it was upon an intimate l^wledge of the vol- 
ctmo, this bold prediction was fulfilled. 1%e (^^iifiistic opinion is ven¬ 
tured by i^rret that if adequate studies are BMie an authoritative 
forecast eau be gi^n for Uie course of any: 0tber emption, at any place, 
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8. Vulkankunde; by Karl Sappor. 424 pages. J. Engelhoms NacJif., Stuttgart, 
1927. 

The best general treatlne on the world’s volcanoes. 

9. The Volcanic Activity and Hot Springs of Lassen Peak; by A. L. Day and 
E. T. Allen. 190 pag^NS, Ca-megie Institution of Washington, 1925. 

WplMlIiistrateil account of a highly Interesting volcanic area, 

10. The Eruption of Mt. Pelee, 1929-1932; by F. A. Ferret. 126 pages. Car¬ 
negie Institution of Washington, 1935. 

An Impresaive monograph, strikingly illustrated. 

II. Hot Springs of the Yellowstone National Park; b^E. T. Allen and A. L. 
Day, 525 pages. Carnegie Institution of Washington, 1935. 

Gives the results of an Intensive study extending over many years of the hot apflugs 
of the Park; magnificently Illustrated. 

12. Volcanoes Declare War: Logistics and Strategy of Pacific Volcano Seieiice; 
by T. A. Jaggar. 166 pages. Paradise of the Pacific, Ltd., Honolulu, 1945. 

'^Designed to show the educated layman pictures by word and camera of nature^ fire- 
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313. Geology of Crater Lake National Park; Howel Williains. 162 
Carnegie Inatitution of Washington; 1942. 

Fuji, Autborltatlre account ot tbe orisin of Crater l4ike. 

14^ Crater Lake; The Btoiy of Its Origin; by Howel Williams. 97 pages. Uni* 
vemty of California Press, Berkeley, Calif., 1041. 

BJCplalns in nontechnical laneruaffc how Crater Liako was formed. 

15. Calderas and Their Origin; by Howel Williams. 20g pages. Universily of 
California Pubiicationi^ Department of Geology, Vol. 25, No. 6 , 1041. 



CBAFTEtl 15 

DEFORMATION OF THE EARTH’S CRUST 

Although UiB strength of rocks and the stability of "terra firma" have 
become provt^bial in popular fancy, the Eartli’s crust is weak in a 
geologic sen6e, and at tme time or another probably every part of it 
has been deformed or displaced. Within historic times, and repeatedly 
in the present century, there have been abrupt, catastrr^hic shifts along 
fractures that penetrate bedrock to great depth. From historic records 
it is known also that gradual movements have occurred, with results 
that are perceptible only after years or even centuries have passed. 
Back of human history we find in the geologic record of all continents’ 
evidence of ancient movements on a gigantic scale, which repeatedly 
changed the geography of the globe. The bedrock has been fractured, 
bent, and mashed, and in some mountain eones the rocks have been so 
changed by successive deformations that their original nature can only 
be conjectured. 

All movements of the crust, resulting in relative vertical or hori¬ 
zontal changes of position and in deformation of rocks, are compre¬ 
hended under the general term diastrophism (from the Greek, meaning 
thorough turning). 

Movements in Histobic and Late Geologic Time 

Earthquakes. Abrupt movements in the outer shell of the Earth 
generate strong vibrations, which arc felt as earthquakes. Scarcely 
a day passes without records of shocks from some part of the world, 
re mi nding us that the Earth’s crust is unstable. Earthquakes are of 
such significance to science and are so important in human history that 
special attention is devoted to them in a later chapter (Chap. 16). 

Changes of Level. The most conspicuous known movements of the 
land are in the vertical direction; and to detmnine the extent and rate 
of change it is necessary to have a convenient horizontal surface of ref¬ 
erence. The average level of the sea is the most lo^cal surface for this 
purpose, as the shoreline at mean tide level is essentially horizontal 
throu^out its whole extent. However, it is not true that the sea sod- 

361 
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fMe m ^distorted and permanently fixed Adjaeent to high eonti^ 
nental borders the water is attracted laterally and upward by the land 
mass, and the water surface is slightly farther from the center of the 
Earth in such localities than it is along low, flat coasts or adjacent to 
oceanic islands. Moreover, the sealevel has varied within recent geo¬ 
logic times, first through withdrawal of much water from the sea dur- 
mg the accumulation of continental ice sheets, and later through resto¬ 
ration of this water by wastage of the ice (p. 195). If the water now 
looked up in the Antarctic and Greenland ice sheets should be liberated 
by the sudden advent of warmer polar climates, many of the world's 
greatest cities and rich lowlands would be covered by the sea. Further¬ 
more there are reasons for believing that the sea has increased in size 
and depth through geologic time by the constant addition of magmatic 
water; and it is probable that the deep-sea basins have changed ap¬ 
preciably in size many times ^ough upward as well as downward 
bowing of their floors and by slow filling in of sediment, with Conse¬ 
quent changes of sealevel. But such changes are gradual, and their 
effects in shifting shorelines are essentially uniform all over the Earth; 
whereas many movements of the land are relatively rapid, and aU such 
movements vary in amount from one place to another. 

Elevation. The most striking proofs of uplift of the land consist of 
the locally elevated position of features that we definitely associate with 
the sea or its edge. Thus in many parts of the world outcrops of rocks 
with attached shells or skeletons of dead marine organisms, such as 
barnacles and corals, are found high above sealevel. A classic example 
of local changes in land level is furnished by the temple of Serapis built 
by the Romans near the seashore west of Naples. The three columns 
left standing have been bored by marine mollusks to a height of about 
20 feet above the temple floor, and the shells of the animals remain in 
some of the holes. Moreover, along the shore in the vicinity of the 
temple there are sedimentary deposits containing abundant shells of 
species now Imng in the bay; these deposits are exposed in bluffs rang¬ 
ing up to 20 feet in height. It is clear, therefore, that after the temple 
was built the ground beneath and around it was submerged, and later 
emerged by at least 20 feet. If this submergence and later emergence 
had resulted from a general rise followed by lowering of sealevel, the 
marine s^iments near the temple should be in ^fi^^lence along the entire 
coastline of Italy and of all other lands. SinK^^ilie evidence actually 
is restricted to a small area, We conclude that %a'e was a local sub¬ 
sidence of the ground in the vicinity of jtlie tempK and later uplift of 
about equal amounts 
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Ftg 224. Evmpi martnt ttrraces, formd on coral^rttf Umstm. Cnitsvated 
folds occupy the hfghesf of three desttmt terraces Ague jam Island ^ Mdrtanas 

Croups Southwest Pacific (Scale can he judged by trees and the graded road,^ 


Strong testimony is given also by the abnormal position of conspicu¬ 
ous features made by wave work along a coast In parts of California^ 
Chile, Scotland, and numerous other coastal regions^ emerged beaches, 
wave-cut benches, and wave-built terraces make nearly level platforms, 
some of them hundreds of feet above present scalevel, terminated inland 
by wave-cut cliffs (Fig 224) Since these features do not have world¬ 
wide distribution, with uniform heights above sealevel, they indicate 
i^ilifts that affected limited segments of the Earth^s crust 
Other evidence, of a direct and positive character, is supplied hy 
careful observations made year by year. Thus in the countries bor¬ 
dering the Baltic Sea an uplift still in progress has been under observa^ 
tion for a long period and has been measured by marks placed on the 
shores. In some places the elevation has been more than 3 feet m a 
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t&admry, but the rate varies systematieally from one part of tiie regiaa 
to another. Furthermofe, raised beaches and other dioreline features' 
indicate that this region has been rising gradually for a long period, so 
that parts of Sweden and Finland are at least 900 feet higher than 
they were at the close of the glacial ages (Fig. 225). Blevated shore- 



Fio. 225. Showing the damai form of uplift in Scandinttvia and Finland after the 
disappearanoe of the laet ice sheet. Shading indicates present land areas. The number 
on eacli of the heavy lines signifies the amount of uplift, in meters, experienced by every 
point on that line, as recorded by emerged shorelines and related features. Note that 
from lero elevation along the outer line the amount increases steadily inward to a maxi¬ 
mum of 275 meters (about 900 feet) in northeastern Sweden. No lines ore drnwn in the 
central part of Scandinavia, liecause no emerged shorelines have been found in that moun¬ 
tainous area, which probably was not submerged. 

lines are a noticeable feature in many northern regions. There is 
similar proof on a large scale that within recent ^logic time the west 
coast of South America has experienced very $db^erable elevation; 
and probably the uplift is still in progress. liTumerous destructive 
earthquakes within historic time testify Wtbe^pstability of this coastal 
belt. A major disaster occurred Janujary '2^g^|939, when Chilian, a 
populous city in Chile, was aln^st totaHy des^|§$ud. 

Subsidence. Evidence of subsidence of below sealevel is 

less striking then that of elevation, buks^ leslS'^vineing. However, 
microaehment of the sea upon the Imid %^o^|i^itself a proof of sub- 
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sideaee^ as H may result mesrely from cutting back of the land ]by 
waveer and currents, or from a general rise of sealevel. Sutoergenpe 
of features that are definitely characteristic of land surfaces constitute^- 
the best proof, if it is clear that the submergence is Uot worldwide but 
is limited in extent. 

Bvidence of submergence is furnished by some irregular shoreline 
formed by the drowning of valleys, with formation of bays and estu¬ 
aries (p. 234), An excellent example is the coast of Maine, where the 
sea extends long distances up all the large stream valleys, and numer* 
ous hills on the former land surface have been isolated to form islands 
off the present coast. However, in many parts of the coastal belt of 
Maine patches of marine silt and clay, containing shells of species still 
living, are found more than 100 feet above present sealevel. There¬ 
fore there has been emergence also of that region, though not enough 
to overcome the effects of earlier submergence. Since the evidence of 
emergence disappears farther south, it reflects regional uplift and not 
a lowering of sealevel. This recent uplift of Maine and southeastern > 
Canada welb part of the widespread elevation that occurred after the 
weight of the continental ice sheet was removed from northern North 
America (p. 17). 

In many parts of the ■world thick deposits of sediment are being laid 
down by streams in subsiding basins adjacent to coasts. Borings into 
some deltas pass through alternating marine and freshwater deposits, 
or even through sediments entirely nonmarine, to a great depth below 
present sealevel. For example, wells sunk into the delta of the Po 
near Venice pass through four separate layers that contain abundant 
remains of plants similar to those now growing in the marshlands along 
the Adriatic. One of the layers is about 300 feet below sealevel. At 
shallower depths some of the sands, gravels, and clays contain shells of 
marine mollusks, and other layers yield shells of land snails. In the 
delta of the Ganges, near Calcutta, pieces of wood and bones of land 
animals are found hundreds of feet below sealevel. Deep wells in the 
Great Valley of California furnish similar e-vidence. Facts of this 
kind suggest that subsidence has been going on for a long period, not 
at a uniform rate, but as an interrupted process whose variations per¬ 
mitted alternating freshwater and marine deposits to be fonned. 

Evidences of Elevation or Depression Inland. Movements of the 
crust involving changes of level are not confined to the sea coasts; they 
occur also in the interiors of the continents. For example, in IBll 
large areas of the Mississippi floodplain near New Madrid, Missouri, 
sank far below their former level and now are occupied by lakes 



m 


PHYSICAL GBCaoOY 


(p. 142). Treed tiiiat grew on the plain were killed by the flooding, and 
for a long time their dead trimke or tops, projeeting above the water, 
testified to the recency of the catastrophe. 

An excellent illustration of tilting on a large scale is afforded by the 
Great Lakes. To the northeast the land has risen since the disap¬ 
pearance of the great ice sheet (p, 195), and as a result the lake basins 
have been tilted southwestward. Emerged shorelines are several hun¬ 
dred feet above the present lake surface on the north and northeast, and 
slope toward it as they are followed west and south. Since the lakes 
discharge to the east, the raising of their outlets has caused them to 



Fiq. 226. TUUniS of a lake basin from north iN) to south (S), AD, present lake level; 
BC, raised shoreline, disappearing under water at C; CD, evidence of submertsence 
(drowned valleys); JS, profile of former shore, now under water. 

enlarge, expanding them to the west and south. The mouths of valleys 
on the south and west sides of some of the lakes (especially Erie and 
Superior) have been submerged (Fig. 226). The tilting movement is 
still in progress and has been accurately determined; it is at the rate 
of 5 inches per hundred miles per century. Small as this rate seems, 
in 1600 years it would cause the upper Great Lakes to discharge by 
way of the Chicago River into the Mississippi drainage. 

Horizontal Changes of Position. In addition to the vertical move¬ 
ments discussed above, important recent horizontal shifts have been 
detected. In 1906 the ground on opposite sides of a great fracture in 
California moved in opposite directions; the shift was indicated by 
abrupt offsetting of roads, fences, and similar features that crossed 
the fracture (Fig. 265, p, 396). Knowing that movements of this kind 
occur repeatedly in the Coast Ranges, the U. S. Coast and Geodetic 
Survey has established stations at critieid points whose relative posi¬ 
tions have been determined by precise a^^W^^ents. At intervals of 
several years the measurements are relmtedi:’thus the directions 
and amounts of horizontal movements eve^ally be determined. 

Significance of Recent Vertical Movements. It is 

obvious that changes of position on i^^J^arjth’s surface must be ac- 
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bending or frMtnmg el the lecks of the erui^i^ In 
sariMe movemento oierely record deep-seatfd proeeases that lead 
eli^t changea in the form o| the globe. Commonly the movement ia 
a broad flexing that affects wide areas; locally there is sharper bending, 
or the rocks yield by actually breaking. Probably some of the etrftr 
ing recent elevations, such as those observed in various lands bordering 
the Pacific Ocean, represent small steps in the uplifting of mountain 
ran^s whose growth will continue for long ages. 

In considering effects of this kifid we are impelled to inquire at once 
into their ultimate cause; but discussion of this question will be post^ 
poned until more of the essential facts have been presented. It does 
not seem strange, however, that a globe so large as the Earth, which 
spins rapidly on its axis and wliirls through space, which experiences 
chemical and physical changes in its outer and probably also in its 
deeper parts, should be subject to slow and almost continuous defor¬ 
mation. Volcanoes testify to local unstable conditions, which result 
in the melting and moving of rock material. Erosion and sediments- ^ 
tion through long periods result in the transfer of great loads at the 
surface, which undoubtedly sets up enormous stresses in the crust. 
These well-known processes would in themselves cause some slow de¬ 
formation of the crust; and probably more profound changes in progress 
in the deep unknowU parts of the Earth are responsible fur still greater 
deforming forces. 


Ancient Crustal Movements 

It is neither desirable nor possible to distinguish sharply between 
recent and older deformation. Certain features at the surface, such as 
the marine terraces along the coast of Maine (p. 355), bear unmistak¬ 
able witness to very recent crustal disturbances, eveu if there is no 
direct record of the events in human history. On the other hand, we 
see in the rocks many fractures and folds that date from very early 
periods in Earth history, as is shown clearly by their geologic rela¬ 
tionships. Between these two extremes are found indications of dis¬ 
turbance in every geologic epoch, showing that movements of the same 
or similar kinds have been continuous or recurrent throughout recorded 
geologic time. In gcsieral, the latest movements are recorded in forms 
and features on the Earth’s surface, such as the elevated beaebes, sub¬ 
merged valleys, and tilted lake barins described above. All surface 
forms are ephemeral because of erosion; and, as they become frag- 
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mentary or disappear, the most reliable guide to former crustal move¬ 
ments is found in the structure of the underlying rocks. 

EVIDENCE IN STJBFACE FORMS 

Ceitain topographic features that result from gentle warping of the 
crust develop slowly and persist for a very long time. For example^ 
when a peneplane is arched up widely the rejuvenated streams beedme 
deeply incised^ and their fonner meander patterns are thus preserved 
in tlie deepened valleys (Fig. 322, p. 491). As the deepest incision 
occurs in the area of greatest uplift, the middle portion and the edges 
of such a great arch can be recognized by study of the incised valleys. 
Furthermore, remnants of the uplifted peneplane persist for a long 
time between the valleys. By study of the valleys and the remnants 
of old erosion surfaces it is determined that the Appalachian region is 
an irregularly arched penepland undergoing dissection. Evidence of 
this kind, used for reco^izing warping movements that occurred in 
the geologic past, is similar to that by which recent uplift is deter¬ 
mined. 

Further explanation of surface features as indicators of crustal move¬ 
ment is given in the discussion of land forms (Chap. 20 ). 

EVIDENCE IN SEDIMENTARY BOCKS 

Thick masses of unconsolidated sediments, like those in the Great 
Valley of California, have been mentioned as evidence of crustal move¬ 
ment (p. 355). Similar evidence for earlier geologic periods is fur¬ 
nished by old sedimentary formations, especiallyby the thick sections 
exposed in dissected mountains or plateaus. In the Appalachian re¬ 
gion the sedimentary strata, now greatly disturbed and eroded, are 
made in large part of sediments that were deposited on shallow sea 
floors near land. Although the total thickness of the strata is several 
miles, the evidence is conclusive that the sea in which they were de¬ 
posited was never deep and that at times it actually disappeared, only 
to return again. Obviously there was continuous or recurrent subsi¬ 
dence of the area ivhile the sediments were accumulating (Fig. 297, 
p. 463). 

In some sections of sedimentary rocks a pronounced change in the 
character of sediments indicates either uplift or,subsidence. Thus in 
the high plateaus of Utah a thick formation^nEifiule of sand deposited 
by streams and by the wind shows that the was above sealevel 

for a long period. Above the sandstone 4 forml^on of shale and lime¬ 
stone containing marine fossils record A period of widespread sub^ 
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meiTgeaee. 'In tiie Cat&kill i^on af eastern New York a s^ea of 
marine limestones and shales is sueceeded by* ^ enormous thidkne^ 
of eoaraer-grained sediments, deposited chi^y above sealevel. Evi¬ 
dently the land adjacent to the old seaway was elevated, with the result 
that quantities of coarse debris were rushed into the basin Where fine 
mud and limy sediment had been slowly accumulating. 

“Breaks” in sedimentation, caused by uplift, erosion, and resub* 
mergence, are of great importance in reading the histmry of a region. 
This aspect of sedimentary rocks is discussed later in the chapter, 
imder the heading unconformity, 

EVIDENCB IN STRUCTURE OF BOCKS 

The most lasting effect of crustal movement is the disturbance of 
rocks beneath the surface. Sedimentary rocks arc particularly useful 
in preserving the records of diastrophism because they are formed in 
nearly horizontal strata, and therefore even a slight bending or break¬ 
ing is easily detected. Igneous rocks are in general less favorable for 
this purpose, since they are characteristically massive and irregular in 
their original form. Lava flows and ash beds are an exception, as they 
have some degree of layering, although this original structure is usually 
less regular than in sedimentary beds. Thin sills of igneous rock intru¬ 
sive into sedimentary rooks bend or break with the strata and so help 
record the amount of deformation. On the other hand, the great size 
and the nearly uniform structure of granite batholiths make them poor 
recorders of Earth movements. 

The principal types of structural features acquired by the bedrock 
from crustal movements are (1) broad warps, (2) folds, (3) fractures^ 
(4) foliation. Since foliation results from fundamental change or 
metamorjjhism of rocks, it is explained in connection with that subject 
(Chap. 17). Careful attention to the results of deformation has great 
practical importance, since such a study is essential in locating and 
tracing valuable coal beds, mineral veins, and strata containing oil and 
gas. The structural features of the Earth have also a broader interest 
because they furnish clues to important historical events. 

Broad Warps 

A wide wooden board exposed to the weather becomes gently flexed 
or warped from its original flat form. On a much larger scale, rock^ 
strata are permanently warped by irregular uplift or depres^on of a 
re^on. In the Colorado Plateau of Utah and Arizona a thick blanket 
of old m?>rin€ strata lies thousands of feet above sealevel and is dis- 
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«eeted deei> canycaus. In a general way these sfl^ta are tiearly 
horizontal; but if any one layer is followed in detail it is found to bow 
upward into irregular dcanoB and bend downward -into shallow basius. 
It is clear that this wide area of sedimentary beds, many hundreds of 
miles across, was not lifted up with absolute uniformity, but was dis¬ 
torted somewhat. The original surface of the uplifted mass has been 
mitirely destroyed by Kosion; but a record of the distortion is pre¬ 
served in the form of each layer of stratified rock bmeath the former 
surface. 

Warping is the commonest form of rock deformation near the Earth’s 
surface. All the old marine strata that now lie on the continents are 
in some degree warped, where they have escaped more violent dis¬ 
turbance, because uplift of the former sea floors was greater in some 

places than in others. „ , 

Folds 

Anticline and Syncline. In many places the stratified rocks have 
been buckled into more or less regular plications or folds. Rome of 
these are on a small scale and can be seen directly; but commonly 
the folding is on such a great scale, and exposures of the rocks are so 
discontinuous, that it is necessary to study and piece together the struc¬ 
ture of certain distinguishable layers over many miles before the form 
of the folds becomes clear. The nature and scale of the folds in moun¬ 
tain regions can be appreciated best by study of maps and cross- 
sections that have been prepared by geologists in the field. 

Two terms are used constantly in descriptions and discussions of 
folds. Like regular swells on the sea, rock folds ordinarily occur in a 
series, with alternating crests and troughs.^ The crests of the folds— 
that is, the upfolds—are anticlines; the troughs, or downfolds, are 
synclines (Fig. 227). Initially the anticlines form ridges, the syncliiies 
form valleys; but if the original surface crests are subsequently car¬ 
ried away by erosion, and the whole reduced to a nearly level surface, 
we still call the upfolded portions below the surface anticlines, the 
downfolded portions syiicUnes, and in imaginatj^ reconstruct the miss¬ 
ing parts. Thus it should be clear that antidipes and synclines are 
features not of surface form, but of structitreM Commonly the original 
configuration of the surface is actually by erosion, so that 

valleys now occupy the positions of the lor^i^ crests, and ridges or 

^ Folding is distinguished from warping by' this cdswin pairing of crests and 
troughs, by greater regularity of plan, and pronounced bending 

of the strata involvecL 
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mountMiiias'a^'iii th« placed of the troughe^ hpt the origiiial alaroetuiMl 
tdnxe stall ai^ (fig. 228), ^ . 

It is cause lor soine woader'^iat strong, brittle rocks can be bent iutio 
shai^ folds. If we should try to bend a rock slab by compresBing the' 



Fio. 227. Anticlines (A) and syndines («$). The diagram assumes that the folding 
oecurred so recently that runnuig water has had time to eut only a few small valleys in 
the anticlines; heiioe tlie ontidmes form ridges and the Byndinss valleys- Even if erosion 
proceeds until a peneplane is produced, as represented by the brokmi line through P. the 
anticlines and syiicUnes will still exist as structural features beneath the surface* 


opposite edges in a powerful vise, the slab would be broken in two or 
crushed to bits. Probably two conditions are essential for making the 
rock folds found in nature. The tremendous forces that cause defor¬ 
mation act through very long periods of time, and the rocks yield 
slowly instead of fracturing abruptly; furthermore, the folded strata 



Fra. 228. niustrating an advanced stage in erosion of folded strata. AntioUnes (AA) 
have been eut down until valleys oecupy their crests; a resistant stratum (bladk) protects 
the syndines {SS), so that ridges exist along them structural troughs. The urigiiud 
position of the resistant sti-atum across the vidleys is indicated by the broken line. 

that we now see at the surface lay at some depth in the emst wh^ 
they were deformed, and the confining pressure of the rock above and 
around them prevented the layers from breaking as the folding took 
place. Under sufficiently strong Cfmfining pressure the most brittle 
roeks can be forced to bend as if they were soft and plastic. 
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Besides the bmding of individual layers an important necessary 
adjustment in the folding of thick sections of strata is brought about 
by slipping of each layer over those adjacent True folding is re¬ 
stricted to stratified rocks because in massive bodies, such as granite 
batholiths, there are no parallel planes on which adjustment by slip¬ 
ping can occur. 

Method of Studying and Mapping Inclined Strata. Only the ideal 
relation of simple, upright, regular folds has been considered above. 
A series of folds approximating this form is by no means uncommon 
in nature, but usually the folding is much more complicated. The 
varied kinds of deformation which the rocks have undergone in any 
region determine the geologic structure of that region; and it is impor¬ 
tant, economically as well as sci^tifically, that the geologic structure 
of every country should be known as far as possible and represent("d 
accurately on maps. If the aurface of the Earth were everywhere 
naked bedrock, this would be a comparatively easy matter; but, since 
the rocks have been greatly eroded and are largely covered with mantle 
and vegetation, or with water, snow, and glacier ice, the natural diffi¬ 
culties of the task are large. The structure in a region is determined 
by a careful study and comparison of the outcrops. If the ground were 
perfectly level and the strata horizontal, the outcrop would be the flat 
surface of the uppermost rock stratum, and we should learn little from 
it; but on slopes and cliffs bordering stream valleys we may inspect 
the outcropping edges of many horizontal strata, as in the Grand 
Canyon (Fig. 11; and Fig. 290, p. 454). 

On the other hand, if the strata have been inclined by folding and 
later eroded, their edges are exposed even on a nearly flat land surface. 
Commonly the edges of the harder, more resistant beds project to form 
the more prominent outcrops In mountain districts, particularly in 
arid regions, soil and other concealing debris usually decrease in 
amount with increasing height; and exposures of rock grow in promi¬ 
nence correspondingly, until each of the upper rocky ridges and peaks 
is a vast outcrop (Fig. 116, p. 172). Because of the excellent exposures 
and the great depth of the section visible in canyon walls and on cliffed 
slopes, mountains furnish the most favorable importunities for deter¬ 
mining geologic structure. 

Strike and Dip. The inclination of a rockf^yer is called the dip. 
If the stratum is resistant, its projecting^ edge across flat country 
as a definite ridge (Fig. 229). The dirertlon ollthis ridge is called the 
strike of the siaratum. In precise terms^Jlb strike is the direction of 
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th<t firmed hy inienectio^ of jdane of b«d^ vnUh the Aori- 
zoni^ plane. In Fig. 329 strike all the strata and of ^ dike I> 
is soith- The dike and Ihe strata A and B are resistant and so 
fona promli^it ridges whose directiisis are easily determined. 



Fio> 229 The strike of two reaiaiant strata, A and B, and of a dike, D, ia indicated 
clearly by the trend of the ridge formed by each. The strike m each case is exactly north, 
A and B dip west (the dip angles are a and 6); the dike dips east (angle of dip d). 


The inclination or dip of a rock layer is the angle between the plane 
of bedding and the horizontal plane. In Fig. 229 the surface of the 
ground is supposed to be horizontal except for the three projecting 
ridges. Then the angle a (50°) gives the amount of dip of layer 
b (50°) of the layer B, and d (80°) of the dike D. But it is essential 



Fio. 230. Measurement of dip ang^e with a olmometer. The pendulum of the instru¬ 
ment swings freely on an axis, and therefore is alwa 3 ^ verticaJ when the box is cm ed|Ee« 
When tho edge of the box rests on a bedding plane in the direction of dip, the dip ang b 
(m this case about 16^) is read directly on the graduated arc. 

to give the direction as well Qs the amount of dip. A and B dip 50" 
vmt, D dips 80° east. The direction of the dip is at right angles to the 
strike. 

The elements of strike and dip are better understood if toey are 
compared with the gabled roof of a house. In such a roof toe ridge- 





Fig. 23i. Brunton ftmpass mth tbt ltd aptn and sights txtmded. Mtmr insuk ltd, 
with its dividing lint in prolongation of the sights, is useful in reading directions. 
The compass circle is divided into padrants, each paduated 0° to 90^. Semi- 
circular arc on bottom of compass hex is used in measuring angles of dip; when 
edge of instrument is on bedding plane in direction of dip, and level bubble is cen¬ 
tered, reading on arc ts the angfe of dip. In the fiptre the readtng is ^efo, seme 
edge of instrument is horictfmtal. 'actual size.) 


pole, at the intersection of the two slopes, is horizontal. Let ug oall 
this line of the ridgepole the line of strike. If the opposite gable® face 
exactly north and south, the direction of the strike is north. Thus the 
two halves of the roof have the same direction of strike. If each half 
slopes 45°, the amount of dip is the same for the two halves. But one 
half dips east, the other west. 

The amount of dip is determined with a clinometer, which in a simple 
model is essentially a pendulum swinging over a'graduated arc (Fig. 
230). For geologic purposes the compass and clinometer are combined 
in one instrument, to permit ready determination of the strike and the 
amount of dip (Fig. 231). 

The full procedure in detormining strike and dip is illustrated in 
Fig. 232. At one edge of the inclined stratum FGH the eompass shows 
the angle NOH between the edge of the stratum and the north-south 
line. If this angle is 45°, the strike is recorded as nortfa 45° east 
(abbreviated N 45° E), The direction of dip is at right angles to the 
strike, or south 45° east (S 45° E), shown in the diagram by the angle 
SOd. With the clinometer the angle of dip, 0^ is found to be 60°, and 
the dip is recorded as 60° S 45° E. The of this shorthand 

record is clear if it is kept in mind that the^tet angle—60°—^is the 
amount of dip, measured downward from the'lMrizontal, whereas the 
second angle—45°—gives the directum m whu^ the stratum dips, in 
relation to the nortii-south line. 



£% asp4lit9(^ represented ^it^logie mpa a 

ia^wbicb the thf bar, s$ plaeed ^ tbe iiidl^ 

eatea the direction of strike^ and the arro^ points in the dineetum ^ 
dip* Ordinarily the amount of dip indegreee ibs written in; ftn^exateplEe^ 
On many maps, the dip symbol is a plain line without"the 
arrow pcnnt, ^ 
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Fia. 232 Deter]mnati<iii of strike and dip. The ooinpass (O) is placed on the edge of a 
liedding plane of the stratum FCIH, The arrows AT, E, S, W indioate compass directions, 
d IS the direction of dip, and the angle n is the amount of dip. 


Elements of Folds. The sides of a fold are called the limbs (Fig. 
233)I and the median line between the limbs, along the apex of an 
antieline or the trough of a syncline, is the axis (Figs. 233, 234). This 
line extends along a bedding surface, or along this surface restored if 



Fiu. 233, Simple upr^ht folds. The line AB is the axis of the anticline; CD ia the 
agia of the synchne. imaginary planes iudioated by broken lions are tbn o^itd f^bnee 
of the two folds. 

it hag been partly eroded. When folds that have horizontal axes nre 
eroded deeply, the ridges mftde by the edges of resistant strata wo 
nearly parallel as sbovm in Hg. 228; but if the axes arc not horisosial, 
on a nearly flat erorimi surface tiie outcroiq^g edges of strata in tlte 



er^a^Ui*^ c^ aji^ (fliis; 2S4, 

J^).. » b^y^m liu^in dth ^'d df ft^d; 

|]fut: distiitgUiBhing one :fr^ tte i^hdr. 

'^Ihe^dfdbia^'iQ^ i&ward tp^ard axiB, 

hanpin; ia an advise, 

dips are (Wtward 'ftom^ ans^ and the oldef strata lip insidd^^e 
hairpia XFig.'251). ;: ^.7''v' ', 



Fiq. 234. Aa antiGline tilted along its axis and eroded to a nearly level aurfaee,;except 
for a ridge marking the edge of a resistant sandstone layer. The surfaoe of this layer as 
it appeared beforo erosion is shown by shying. The an^e between the axis of the fold 
and the l^riaontal is the plmige. 

Folds whose axes are not horizontal are known as pIun^tTi^ folds. 
The an^O between the axis and the horizontal plane is called the plunge 
of a fold (Fig. 234). . 

Oth^ Variations in Fold Structure. Thus far we have considered 
only regular, upright folds. An imaginary plane passed through the 
center of « fold and its axis, as in Fig. 233y is called the axial plan^ of 
the foldi In a regular or symTi^fric fold, this plane is one^ol sy^ 
metry; that is, the parts to left and right of it are sy]iimetri|al!^ dis¬ 
posed, or each point on the left of the plane is the mirror ima^ of a 
corresponding point on the right of it. If the fol|: is upright the plane 
is vertic^ (Fig, 234). However, some upright but have 

been pushed over until axial pla:^tf'lii^:l^ (Fig. 7, p. 20; 
9 and 7 in Fig. 236)^ tn some folds'^^ has gone so far 

that the axial plane is nearly or actuaily^'^ is then 

termed rscufabent. Great lecumbent loMs. the complex 

featm^s teat characterize the Swibb A|[iiB Such folds arci 

found ohly iii nki^tate ^ tluit baV4^exitera^^^ extreme defc^ma- 
'■tibn.. ■■C' 
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(bj M. A knmedy. 

Fia, 235. Air ywwb oI larfio plunging anticlinaa. 

(a) Sheep Mountoiii anticline in the Big Bbm BasiHt Wyoming. The older strata 
are resistant and form a high ridge at the oare cA the fold; higher strata have been eroded 
from the top of the anticline, and the more redatant of form the low radges on the 
flanlsB. (Compare Fig. 234.) 

<&) North Dome, Kettlmiiaii HiIIb, Califonda, lookiDg northwest. Renataat strata 
make ridges, which oatlme the flanks and the nlun^im' end of the ^rteat fold* 






:m iHvaKMiojauMr 

' Some oveitutiKd folds break at tho spex or on ime limb; and on 
breaklag, the parte are'likely to be diqpkeed vkb respect to one an- 
Otber, or faulted. Faulting, however, is so important n phenom^ion* 
that it is given special consideration in later pages. ' 

If fdds are so sharply flexed that the limbs dip at least they 
are said to be closed; in this condition the horisontal distance'Ac^BS 
the strata, or the width of the fold, can not be further reduced wmout 
squeezing or mashing of the beds (5 to 7 in Fig. 236). If the limbs 
make a large angle with each other (as in 1 and i, Fig. 236) the fold 
is open, and the strata can be further folded without mashing. 



Fio. 236. Folded strata, oonsiderably eroded. The anticlines 1 and S are folds; 
farther to the right the folds are dosed. At the right of the block the folds are ^koeUnal. 
The layer BBB, which can be traced through the entire aeries of folds* serves N a useful 
key; broken lines indicate parts of this layer removed by erosion. I.ength of block about 
25 miles. 

In isoclinal (equal-inelination) folds the strata are compressed until, 
on both sides of a fold, and perhaps throughout a series, they are par¬ 
allel and have the same dip (Fig. 236, 5 to 7). When the crests of such 
folds are cut away by erosion, considerable skill is required for cor¬ 
rect interpretation of the structure, since there is no difference in gen¬ 
eral appearance between anticlines and synclines. The general prin¬ 
ciple followed is to determine the positions of axial planes by study 
of the strata. The oldest exposed strata are repeated at the middle 
of an eroded anticline, and the youngest strata at the middle of a 
syncline. For example, in Fig. 236 the layer fi, seen nt the left, can 
be traced entirely through the series of anticline layers 

below and hence older than B are rep^atedl 4:^osite sides of the 
axial plane; in the synclines adjacent to layers above and hence 
younger than B are similarly repeated, j V 

A special kind of fold is the mtynodme^ in ^ch the strata are bent 
in one direction only <Fig. 237). A true moOi^iie is a qne-limb flex¬ 
ure, on either side of which the strata are b<^;j^ntal or have uniform 
gentle dips. Monoclines are particulailf developed, as isolated 



. or 7SS1 S!Aitts« m 

iMtarea, m Ibe se«4|^ f^tiraia of ^e Cokttada Plateas iA iunrtli« 3 b 
Ajiscau and aouthon Cialf, 

EomoiniB Aspect nf Folds* Conect solution of problems SaaOomi!* 
terad in folded strata is of ti^s utmost importance to'mining^ geologuds 
and' othmn wneemed witfa the recovery of mineral products. In many 
oil fields the occurrence of petroleum and natural gas has a definite 
relation to fisKures in sedimentary beds, as explained in a later cfaaptar 
tp. 517). In Fig. 236, the folded black layer BB may be taken to 
repreemt an important coal bed in the AimalacMan region. From 



Fia. ^7. A monocline. It is aatnimed that the fold developed rapidly and recently; 
therefore it ia little eroded. Leoigth of block about 2 miles. 

hasty surface examination, it may appear that there are six or more 
separate coal beds, each extending downward indefinitely. A skilled 
geologist, however, will recognize the evidence of folding and will be 
able to estimate the quantity of available coal. In the famous Home- 
stake gold mine of the Black Hills, South Dakota, the formation coil'- 
taining the ore is complexly folded, and precise determination of the 
structure is necessary for profitable mining as well as for any depend¬ 
able estimate of the quantity of ore still in the ground. Innumerable 
other examples illustrating the practical importance of folds could be 
cited from every country in which mining and well drilling are prs&ft^- 
ticed. 

Geosynclines and GeantieUnes. Long belts within a continent or 
on the sea floor have been warped down to' form gemyncUne^, which 
range in width from scores to hundreds of mil^. Cort^pondingjy 
grtot upwarps are called geanticline. The prefix in each case tfenm 
Greek word geos, meaning Darth) emphasizes the scale of these 
features. Ih contrast with ordinary^ folds, ^e flexures responsible for 
geosynclines and geanticlines are viSy gentie. 
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The geosynclinea of the past have been the great bagina lor the 
accumulation of sedimehts like those exposed in the Appalachians 
(Figs. 297-300, p. 463) and the Alps. Slow downwarping of the floor of 
a geosynclinal basin continues as sediments accumulate, until in the 
middle portion the thickness of deposits reaches several miles. It is 
only by the later uplift and dissection of these deposits that the origi¬ 
nal nature of the geosyncline is revealed. Thus a geosyncline has 
peculiar features other than its great size to distinguish it from an 
ordinary syncline in a belt of folding. A geosyncline is not formed by 
simple downbending of sedimentary strata already formed; an essen¬ 
tial element is continued deposition of sediments on the sinking floor 
of the basin. Thus the first layers of sediment to be deposited become 
gently flexed downward as the movement continues; but strata formed 
during the later stages may be nearly horizontal (Fig. 297). 

Geanticlines also grow slowly^ and their crests are eroded away as 
the upwarping continues. A good example, on a moderate scale, is the 
Cincinnati Arch in Ohio and Kentucky, where the strata dip gently 
away from a median axis in an area 250 miles wide. 

Joints and Faults 

In the outer shell of the Earth the rocks are traversed in all direc¬ 
tions by fractures, which vary from microscopic crevices to important 
breaks on which large displacement has occurred. Such fractures have 
great geologic value, because they are clues to important events in the 
history of a region, and particularly because of the aid they give to 
various geologic processes. We have considered the large influence of 
fractures on the weathering and erosion of rocks (Chaps. 3, 5) and on 
the circulation of ground water (Chap. 7); and we shall consider their 
importance also in connection with naineral deposits (Chap. 21). 

A fracture on which there has been no appreciable displiLcemexit 
parallel with the walls is a joint If there has been relative displace¬ 
ment of the walls parallel with the fracture, so that corresponding 
points on the two sides are distinctly offset, ihet fracture h a fault 
Many joints and faults are closed so tightly thai tittle or no space is 
visible between the wa)lB« If the walls are distinctly separated the 
term fissure is sometimes applied to tha Borne fissures are 

and others have been filled with minC^L matter deposited 
eirculiating solutions. ^ • 

Sedimentarj)F Rocfcs.« Field shows that joints 

' but that'tiiey are much1|ii|Oty nuS^rous in some places 
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tiiJ&ti, In othepJk Where they arre abundant, eommenly they are arranged 
in more or lees definite sets; in each act the jctmta are nearly pamlfel. 
In many plaoes there are im prominent sets of joints, intersecting a| 
a large angle. Such a combination of two or mm intersecting si^s 
constitutes a joint system. Combined with natural bedding planes, a 
well-defined system of joints divides stratified rocks into series of 
closely fitting blocks. The finer the grain of the rock, as a rule, the 
more perfect the jointing and the more sharply defined the resulting 
blocks. In some beds of shale and limestone the jointing is exception¬ 
ally perfect (Fig. 238). 

Some jointing probably results from the tension caused by contrac¬ 
tion in beds of sediments when they are elevated from the sea floor to 
form land masses and lose part of the contained water as a result. 
A more common probable cause of regular fracturing is the warping 
and twisting experienced by the strata during crustal movements In 
regions wdicre the strata have been folded, as in many mountain zones, 
probably the force that folded the beds also produced many joints. 
Some sets of joints extend for long distances across a thick series of 


I C. KinSBLL, U S OBOLOOICAL lURVBT. 

Fig 238 Joints cutting nearly bon:(pntal beds of limestone There are two sets of 
joints^ nearly vertical and at fight angjes to each other (JExpsed flaws of am 
set are entirely tn shadow; tn the other set they are largely tn sunU^ ) 'Drm^ 
fSond Island^ Michigan 
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as im^er joints. Tbey are eoniiaetsd witli minor 
{jrac^rasi some of whiq|t are limited to Si single atrat^ixu 

Joints in Igneous Rucks. A eommon type qf jointing in igneous 
rooks is by the eontraotion resulting from the opoling of the 

igneous material during and shortly after solidification from the liquid 
state. It may manifest itself in one of several ways, depending on 
the rate of cooling, the dse and shape of the igneous body, and other 
factors. Large intrusive masses of granite and similar rocks are char¬ 
acteristically cut by joint planes that divide them into large blocks 
or prisms. Finer-grained rock in sills, laccoliths, and dikes conmionly 
is divided into small angular fragments by closely spaced joints. Some 
laccoliths and similar dome-shaped intrusions have a shelly jointing" 
on a large scale, parallel to the domed surface. This appears to have 
been caused by nearly uml^rtn cooling of the mass from the periphery, 
with resulting separation-into Ihbets. 

The most striking kind of contraction jointing in an igneous rock 
produces columnar structure, which is characteristic of tabular masses. 
Many dikes, sills, and lava flows are made up of closely fitting prisms 
subdivided by less conspicuous cross-joints. The prisms have a Vari¬ 
able number of sides, but commonly they tend to be hexagonal, par¬ 
ticularly in lava flows, and some of them have remarkable regularity 
of form. They range from several inches to a number of feet in diam¬ 
eter, and up to 500 feet in length. The Giant^s Causeway on the 
north coast of Ireland is one of the most celebrated examples of this 
columnar structure. The columns form at rigl4 angles to the chief 
cooling surfaces, and consequently in a level intruded sheet or a flow 
of lava they are essentially vertical (Fig. 239), whereas in a v^ical 
dike they are nearly horizontal. Thus some dikes, exposed as walls by 
erosion, resemble regularly piled cordwood. In igneous bodies that 
have curved surfaces the position and form of the columns depend on 
the form of the periphery of each individual mass. 

In addition to the joints caused by cooling, later fractures caused by 
crustal movements also affect igneous rocks; bu^wh^ver a prominent 
columnar structure or other well-defined fraetuiie system is original in 
the rock mass, later stresses are more likely to be relieved along these 
existing breaks than to form additional ^aottir^. 

Jointing in Metamorphic Rocks. As ft ra^^#etamorphic rocks are 
much jointed. This might ba expected beefti^of the extensive de- 
ftitnation to which such rocks have teen snbj^i^^. The character of 
the jointing varies considerably with the rock. Many of 

the mi^ve gneisses have joint systel$^lik0 Idhose Characteristic of 



fig, W . Columnar strmturt in a thick lava flow. Tho DtvU's ?est-fik^ Mlddk^ 
Fork of tht San Joa^in Kiver, California, ^ 


granite, whereas rocks that retain original bedding, such as quartzite, 
have joints similar to those found in sedimentary rooks. 

Practical Importance of Joints. Joints are a matter of great im* 
portance in all quarrying, tunneling, and mining operations where rock 
work enters as an important factor, since the jointing obviously facili¬ 
tates the work of excavation. Without them, every rock fragment 
would have to be broken or blasted loose from bedrock. However, 
joints may also be a serious inconvenience, especially if large blocks 
of quarried stone are desired. Perfect monoliths 50 to 100 feet in length 
can be obtained from comparatively few localities. 

General Features of Faults, Displacement of rock masses along 
a fault (p. 370) may occur at the time of the break, or at some later 
time. Faults are common features in rocks of all kinds. They 
most evident in stratified formations, since the ofisetting of definite 
layers makes a break conspicuous and direcfly meassairable. However^ 
massive igneous rocks are faulted aa well; and, as mineral veins ai^ 
other feature of economic value are displaced by auich fractures, it is 
exkemely impmtani from a practicid as well as a scientific'^ndpoint 
that the nature of faults be well understood. " ^ 
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A surface of fracture along ii^icb movement and dislocatkm faave 
occurrdl is often spoken of as a fault plane. Although a limited part 
of it may be nearly plane, H ft rarely flat for any considerable dis- 
tfmce, but more or less curved and irregular. Therefore it is better, 
and causes less misapprehension, to term it a fault surface. Rather 
commonly a faulting movement occurs, not upon one surface, but Upon 
a number of more or less closely adjacent breaks, producing a fault 
zone^ in which the various offsets make in the, aggregate the total dis¬ 
placement. The masses of rock involved in fault movements generally 
are of such size and weight, and are so compressed together^ that the 
motion of one fault face on the other takes place xmder tremendous 
pressure. As a result of the friction the rock faces are smoothed and 
striated, and not uncommonly receive a high polish. Such polished 
and grooved surfaces arc known Jis slickensides (Fig. 240). The direc¬ 
tion of the line formed by the intersection of the fault with the plane 
of the horizon is called the strike of the fault, just as we speak of the 
strike of inclined strata. The surface of faulting is rarely exactly 
vertical; usually it is inclined, and in some important faults it ap- 


C. R. LONOWSLL. 

240, Part of an old fault surfact^ with shchtuides, uncovered by trosean. 
Tht striae and flutings indkatt that the movement was directly do^ the dip of 
the surface. Spotted Range, Nevada. 




s&FO&MAUQsr m tse EAUi^re criot' si^ 

psoW!^ h<»i»>QtHlsty. The angle between the fault Burfaoe and @ie 
honKmtal plane ie dip. Jn an inclined fault ^ side ovtgv 

hangs is known as the han^fing watt, like other as the foot waU (Fig. 
241). If one were to descciul along a fault, as in an inclined shaft of 
a mine, the appropriateness of these (dd mining terms would be evidenli. 

Generally the fracture is closed tightly; but parts of it may have 
been open at one rime and have been filled with mineral matter de¬ 
posited from solntion. Along many faults the grinding of the walls 





Fxo. 241. Fault rslations and terms. The stiata have been disidaced bv a fault, and » 
vBui of mineral (black) has formed along the frarture. Mining operations have remomd 
the mineral to a oonsiderable depth, exposing the hanging a'aU and foot wall of the fault. 
Part of the upthro'wn side has lieen removed by erosion, as shown by broken lines. The 
strata were dragged upward iii the hanging wall and downward in the foot wall by frictiihi 
on the fault surface. 

upon one another has produced a zone of broken and crushed rock 
known as fault brecetja. Commonly the finely powdered rock directly 
along the fault forms a seam of clay-like material, known as g<yuge. 
In the displacement of stratified rocks the friction usually cati^es bendx- 
ing of the layers near the fault surface. This feature, refelred to w 
drag, is a useful aid in determining the relative direction of motion M. 
the two sides of the fault (Fig. 241). Practically it is of the highest 
importance as an aid in finding the dislocated segment of a coal bed or 
a mineral deposit. 

The features explained so far have to do chiefly with faults as 
below the surface of the ground. Ordinarily a fault breaks the surface 
as well as the rocks beneath; and, if one side of the fault k elevat# 
Wifli relation to the other, the result is a cHff, or fault ^catp (Figs. 348, 
254^. With the passage of time the original scarp is modified or even 
removed by erosion (p. 384), > . 
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^ Miivmieiit on a Faidt.^ GeneMlly theiro is no means of telling how 
mnch actual movement there has been an either side of a fault Evmi 
if a definite, recognizable object, such as a crystal or pebble in the rock, 
has been out in two by the fracture and the halves carried apart a 
measurable distance, we can not determine whether one side of the 
fault stood still while the other side experienced all the displacem^ent, 
or whether both sides shared in the movement. Conceivably we might 
know the exact position of every point on the ground before the fault¬ 
ing and later check the positions on each side of the break. Such a 
check is being attempted along some active faults in California. Gen¬ 
erally, however, we lack the precise information necessary for such 
a study of modem displacements; and most faults with which we have 
to deal are old features whose original expression at the Earth’s sur¬ 
face was long ago destroyed by erosion. The actual walls of such 
faults usually are seen only in mine tunnels or in other excavations of 
limited size. 

Nevertheless an attempt is made to classify faults according to the 
apparent or relative displacement on the two sides as indicated by off¬ 
set strata, dikes, or otheor recognizable features. Thus in Fig. 243, it 
is evident, from the displacement of the layer F-F, that the hanging 
wall has gone down with relation to the foot wall (although actually 
the foot wall may have moved up while the hanging-wall block stood 
still, or both blocks may have moved). A fault that has this relation 
between hanging wall and foot wall is called a normal fault. If ^he 
hanging wall appears to have been crowded up over the^foot wall, as 
in Fig. 244, the fault is called a reverse fault. 

Generally the movement on a fault surface is more or less oblique, 
as suggested in Fig. 246, instead of straight up or down the dip of the 
surface. Not uncommonly the motion is chiefly or entirely horizontal, 
parallel with the strike of the fault (Fig. 245). Such a fault is called 
a strike^sUp fault. If it cuts only horizontal strata there is no measure 
of the movement except in displaced features on the ground,, since the 
strata are not offset. Displacement of a steeply however, 

would record both the direction and the amount of 

The simplest possible examples are shown i% Figs*. 24i!-245. Strata 
and c^er features of bedrock commonly are and hence are off¬ 

set by either vertical or horizontal moveihenialj^biost faults. There¬ 
fore the offsetting of ro^ layers, tak^ jby iteell^'^ not a safe qriterion 
in solving fault problems. Some of tha |PilwSbWr^mplieari are dis- 
teUBsed b^low and shown in Fig. 248. 
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fencaiAlly tre do not mucb of tiie fault ottrface^ It Is neo^ 
miy to oaloulate the'di^daoement from the opfocte sem on ^e grmi^/ 
on the side of a valley eat thsnOKh the fault, ot some other ohanoo plai^ 




Fioa. 242-245. Types of fBults. Bdative mowment indicated by the brol^en bed P-K. 

Fio. 242, Before movement. Position of the fracture shown by broken £ne. 

Figu 243. Simple normal fault, making a scarp which the stream descends in a oase^cie. 
Fio. 244. Reverse fault. The projecti^ edge of the hanging wall breaks off and 
slumpiB under its own weil^t. The stream is obstructed and forms a lake. 

Fio. 245. Strike-slip fault, with no vertical displacement. 

Therefore the displacement on a fault is described gemnotTieally, by, 
its components in three dimensiona. These three compements are 
named and mqjiained in Fl|;.2Ad. , '' 

Faults in Stratifiad Rodm. Certain terms are u^ed to defbe fatdta 
in relation to the structare of sedimentary beds that are affected. 'DittS' 
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in A atrik0 fault, the etrijce of the fault snd that of the strata are 
paMdlel, Of nearly so 247); dip faults cut direetlsr acroas tlie 
strSce of tiie strata, or nearly so (Fig. 248); oblique faults cut diag- 
<mally across the strike of the strata. The figures show only normal 
faults; but similar principles apply to reverse faults. The figures also 



FiO- 246. Oblique movement on a fault; points A and A' have moved apart along the 
fault eurfaoe. Broken lines show the dtajiacement (julip), and its three oomponents-- 
throw, heoae, and strihe-^ip —^measured along axes at right angles to each other. 

indicate no real strike slip, but in Fig. 248, C, there is offsetting of beds, 
with a false suggestion of strike movement. Such abrupt offsetting of 
tilted strata is one of the strongest suggestions of dip or oblique fault¬ 
ing. Strike faults are more difficult to perceive and are easily over- 
lodged; not uncommonly they cause deception as to the thickness of 
strata by producing repetitions (Fig. 247, C). On the other hand, 



Fro. 247. Repetition of Mirata by normal atrilce faultinc and later erosion. A, before 
faulting; B, directly after faulting; C, eurfaee leveled by eroeion. 


some Btrike faults conceal strata after erosion has occurred. Such con¬ 
cealed strata may contain petooleum, or some valuable deposit of ore, 
which can be discovered only by a forlottatiB accident or by modem 
geophysical prospecting (p. 521). 

Diaplacement on some faults is attended jbyor pivotal motion. 
A. fafilt cKf this general nature is knovm as a ratdf^ fault; or, if the dis¬ 
placement dies out gradually up to a it is a hinge fault. 

After en»don has leveled the surface, a favlt of tide kind is indicated by 




































































DEXOftMATKSN OF EARTH’S CRUST RiS 

a piMOtOunced diffemtee in tiip strike and dip of strata on opppsiie rides 
of ilie break. Some hinge faults pass gradually into mouoriinal foMB 
(Fig. 249). 

Magnitude of Faulting'. The scale of faulting Yaries vitiiin -uide 
hnuts; displacement varies from a fraction of an ineh up to thou^Utds 
of feet, or even several miles. In tiie Flateku region of Arisona and 
Utah, se-veral faults of great magnitude extend in a nortii-soutb (^ree- 



Figi. 248. Offsetting of strata by dip faulting and later erosicm. A, before faulting; 
Bt directly after faulting; C, Burface leveled by erosion. 


tion, some of them crossing the Grand Canyon. Each of the largest 
fractures in this group can be followed 100 miles or more, and each has 
a throw measured in thousands of feet. The Great Basin region pre¬ 
sents the phenomenon of faulting on a colossal scale. In the area be¬ 
tween the Sierra Nevada on the west and the Wasatch Range on the 
east, the crust is divided into huge blocks by gigantic fractures j and 
differential displacement of these blocks, together with erosion, has re¬ 
sulted in mountainous topography (Fig. 291, p. 455). 



Fig. 240. A hinge fault passing into a monoclinal fold. Front of blofk about 1 mUe long. 

A sunken tract due to downfaulting, or to uplift of adjacent areas, is 
called a graben (German for trough or ditch). Illustrations are 
Jordan Valley and the Dead Sea basin in Palestine, and the great rift 
valleys of Africa. An upstanding mass between two faults is a horst 
(Fig. 291). 

Many of the great fractures mentioned above are normal faults. De¬ 
tailed study of eroded mountain areas has disclosed reverse faults of 
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e&brtacm displacement, some of tiiem dipping lesa than 20 degrees, or 
evm horizontal. Snch faults, which occur only in regions where fold¬ 
ing and crushing of the rocks have been exceptionally severe, am com¬ 
monly known as thrust faults, or simply thrusts. Many of these are 
of Such magnitude and importance that they have come to be consid¬ 
ered as a special class of faults. The surface on which movement has 
occurred is spoken of as the thrust surface, or less accurately as the 
thrust plane. 

Such thrusts have been discovered in the Alps, in northwestern Scot¬ 
land, in Scandinavia, in the southern Appalachians, in the Rocky Moun¬ 
tains, and in many other mountain regions. The horizontal displace¬ 
ment of lower, older formations over younger rocks ranges from a few 
miles up to more than 25 miles for individual thrusts (Figs. 301-306, p. 
466). In many places erosion has partly destroyed the comparatively 
thin plate of the older rocks above the thrust, leaving isolated remnants 
resting on much younger foundations. An excellent example is Chief 
Mountain in Glacier National Park, Montana (Fig. 307, p. 467), Such 
isolated masses that obviously are far removed from their original posi¬ 
tions are called ^^mountains without roots.^’ 

The deciphering of these great thrusts is one of the triumphs of mod¬ 
ern geologic research. It has led to rational interpretation of mountain 
structure that before seemed illogical and chaotic. An illustration of 
the practical value of such research was the discovery in Belgium of 
important deposits of anthracite coal after it was recognized that the 
coal-bearing formations lie concealed beneath older rocks that were 
pushed over them in the development of a great flat thrust. 

Surface Expression of Faults. Displacement of the Earth’s surface 
by a normal or a reverse fault gives rise to a cliff or scarp (Fig. 250). 
Within historic time, movements that caused severe earthquakes have 
resulted in new scarps from a few feet to nearly 50 feet high (Fig 254) 
Many other cliffs and mountain fronts, some of them hundreds or thou¬ 
sands of feet in height, are recognized as fault scarps, but it is ex¬ 
tremely improbable that any one of these was fowled by a single dis¬ 
placement. There is strong evidence that the stress responsible for 
slipping on a fault is relieved temporarily by abrupt displacement of a 
few feet or tens of feet, and then accumulates ior years or even hun¬ 
dreds of years before the movement is repeated*^f^^rhUB every high fault 
scarp is a very old feature judged by human sts^l^ds, although it may 
be youthful from a geolo^c viewpoint. 7 ' 

Such a Bcarp made directly by faultu\||% eallefl simply a fault scarp 
(IPig. 243). Erosion starts to modify. as it bepns to be 
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ftl. 250. Looking southwest along fftat fault at McDonald Lake, near Grtat 
Slave Lake, Canada. Maximum heif^t of scarf is about 900 feet. This fat^ 
can be traced for mm than }0Q miles. 


formed, and the upper portion of every high scarp is considerably dis¬ 
sected, both because that part has been subject to erosion since the 
scarp was first initiated, and because erosion is most effective at high 
altitudes (Fig. 292, p. 456), After the faulting haa ceased the entire 
scarp is continuously lowered, and it slowly retreats from the position 
of the fault. As erosion progresses, the scarp passes through the stages 
of youth, maturity, and old age, and finally, on peneplfimation of the 
region, differences in elevation on opposite sides of the fault almost or 
entirely disappear. 

A large fault displacement as a rule brings together on opposite sides 
of the fault rocks that differ materially in composition and resistaUice. 
As erosion proceeds the original scarp (Fig. 251) is eventually 
stroyed, but as long as the entire region has considerable altitude the 
position of the fault is marked by a cliff or steep slope, because weak 
rock on one side is removed faster than resistant rock on the other, A 
Bcaip that is due entirely to differential erosion along a fault is caSed 
a favlt4ine scarp, to distinguish it from the earlier scarp that resuh^ 



PH7SICAlr GEOLOGY 


m 

directly from the fsultiog movement (Fig. 252). Since resistant rodcs 
at any jiarticular level are as likely to occur on the downthrow as on 
the upthrow side of the fault, not unconunonly the block that ori^nally 





Figs. 251-253. Ideal development of a fault scarp throufi;h piogrcssive erosion 

Fig. 251. Scarp made directly by faulting. Only a little of the topmost stratum has 
been eroded from the uplifted block, and streams are cutting deep valleys into the high 
mm, spreading the debns on the dowuthrown block. 

Fra. 252. The same fault shown in Fig. 251, at a later stage in the eyoku A and B, 
points at the top and base of the scarp at this stage, were beneath the spliil^^ben the« 
initial scarp existed (Fig. 251). Therefore the original scarp hlus been apmRlfr^Mtroyed, 
and the scarp at tlus later stage is wholly the work df erosion; it ie 

Fra. 253. A possible development in a late stage of the cycle., tlieitjandstont 
layer at A (Fig, 252) is destroyed the weak shales bweath are erodmVijll^ The sand¬ 
stones beneath B, on the downthrown block, make evoeimic on more difficult 

Aided by favorable changes in drainage, these differences in may result m a 

fanlt^e scarp facing opposite the original fault scarp. 

fttood the higher is eroded far below the other, the resulting fault- 
lilte scarp faces in a direction opposite of earlier scarp (Fig. 
253). 



















DEFOfiMATION OF ISE CSPOBT 


IMI 

Some fauk-line ecarps era 4evel<q)ed by raposaLupUft after 
pbmaticm has remored the differenees in eleyation mx opposite sides of 
a fault {Figs. 255-257). There are ^cellent illuetratio&s in central 
Conneeticut and Massachusetts, where scarps destroyed by the erosion 
that'formed the New England peneplane have been renewed since the 
region was warped up during the Cenozoic era. These examples sl^w 
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Fig. 254 Reault of recent faulting at the base of the Sonoma Range, Nevada The 
new Bcsirp, appoaniig as an irregular band extending arross the view at '^e top of the 
alluvial slope, is about 20 feet high. The photograph was taken from a point 3 miles away 


the necessity of careful geological study m determining the exact his¬ 
tory of any fault. 

In southwestern Unitcil States, where large crustal movements li^ve 
occurred in late geologic time, and where climatic conditions favor the 
(levelopineiit of excellent outcrops, there are many fine examples of fault 
scarps as well as fault-line scarps The east slope of the Sierra Nevada 
and the west slope of the Wasatch Mountains are fault scaips that are 
youthful in a geologic sense At the base of each of these ranges some 
of the movement has occurred so recently ti|jat^|carps exist almost un- 
eroded in the fans of weak alluvial 

streams (Fig. 254). The last recorded movement base 

of the Sierra Nevada took place in 1872 These faults 

many successive dn^laeements, and the upper part of 

been greatly eroded. Some of the great faults in the Plateau re]^iB| 
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Arisozm n&d Utah^ through which the Colorado River cuts its way, are 
marked by prominent cliffs. These cliffs have been described as actual 
fault scarps; but most of them are fault-line scarps developed after 
advanced erosion and rene^^ed regional uplift. 




Flos. 255-267. Development of a fault-Une scarp during two cycles of orosion. length 

of block about 5 miles. 

Fia. 255. A fault scarp modified by erosion but still growing by down'ward 

movement of the nght-hand block. 

Fig. 256. The surface is reduced to a peneplane, through the point T, and lava flows 
spread across the position of the fault. 

Fio. 267. The entire region is uplifted uniformly, as indicated by arrows, and enision 
forms a new scarp (tVD) by more rapid removal of the weak sedimonts on the down- 
thrown block. Presence of tho lava flow, crossing the fault unbroken, proves that thi.s is 
a fault-line scarp, developed wholly by erosion and not by renewed movement on the fault. 

Many old faults with vertical displaceto^ts amounting to thousanilf 
of feet are practically unrecognizable in the present topography. Ob¬ 
viously this relation in each case indicates erosion of great magnitude. 
Either there was a high fault scarp that slo^y;, wai^d away, or the 
growth of the diEqilacement was so slow thatrliioedon almost kept up 
with it. This last suggestion is n(rt unreasonable,%3r we have evidence 
of repeated movements on some faults after int^als of long geologic 
periods. If individual movements are sa^U and widely separated in 





















IMEFO^tMATTOIf OF TSE EASiB'S CfttJST HSl 

iwit,' or if tbe rocks on the nptiuow. side of a fault arc ejes^tiotnUf 
weak, a prcmnnent scarp has bo chajKC to derrehq>. 

Sconomu Importance of Faults. Faults and eijber fractures have 
conunonly been the channels along which oresolutiods have found their 
way and deposited valuable metallie minerals (p> 531). The lamous' 
copp^-bearing veins at Butte, Montana, were formed in successive 
stages along sets of great faults that intersect and offset each other to 



Fiq. 258. A lihe of springB along a fault. The diagram repreBeuts an area about 20 
iniloB long. After the strata were faulted and tilted» erosion reduced the upthrown Hock 
(at right of fault), and tbo present drainage beoame established. Artesian fM>ndiiipns 
(p. 123) exist in two sandstone formations; water rises from these aquifers along the fault 
(see full arrows), issuing as springs at the most favorable points. Since the granite at the 
right of the fault is almost impermeable, nearly all the water in the two aquifers is diverted 
to the Eai'th’s surface. Springs of this type are called fault-dam springs. (Direction of 
fault movement indicated by half-^rows.) 


form a baffling complex of blocks. Efficient mining of these broken 
veins requires intensive study of the faults, to determine the order of 
their formation, directions and amounts of displacement, and other 
facts necessary for guiding the miners in their expensive tunneling oper¬ 
ations. The “losing” of a vein where it has been offset and thus hidden 
by faulting is one of the commonest difficulties encountered in mining. 

The occurrence and recovery of subsurface water, one of our greatest 
and most vital natural resources, are controlled to an important deg;ree 
by geologic structure. Faults cutting across some artesian systems have 
brought impermeable rocks across the faulted edges of important aqui-^ 
fers, thus diverting the flow of winter to form artesian springs (Fig. 268) - 

Engineers responsible for the construction of dan^, aqueducts, wd 
other large structures seek to avoid locations on or near faults, particu^ 
larly those that are known or suspected to be still active. Sfaaft(!ired 
bedrock adjacent to ^^dead^’ faults mav be too weak and permeable for 
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dittigfactory dam^ites. Movement along an active fault beneath or near 
a dam or aqueduct might cause serious damage. 

Catjbe op Wabping^ Folding, and Faijlting 

The immediate cause of rock deformation is comparatively supple 
and generally agreed upon; it results from stresses set up in the outer 
shell of the Earth. Some rocks yield by warping or folding but others, 
too massive or too brittle to permit yielding of this kind, become frac¬ 
tured. Compressive stresses give rise to folds and also to reverse faults 
and thrusts. In regions of broad warping, perhaps in connection with 
isostatic adjustment (p. 17), differential vertical stresses may produce 
normal faults. Thus over wide regions where the strata are not other¬ 
wise disturbed, as in parts of the Colorado Plateau, they are penetrated 
by steep fractures on which there have been great displacements. 

The vltimate cause of faulting and folding evidently depends on those 
processes within the Earth which give rise to comprcssional and ten- 
sional forces and so set up stresses in the lithosphere. The forces them¬ 
selves are hidden and can be inferred only from their effects. As the 
subject is obscure at best, and speculation must be guided by considera¬ 
tion of all available facts, it is best to postpone inquiry into the ultimate 
cause of crustal deformation until the structure and history of moun¬ 
tains have been discussed (Chap. 19). 

Unconformity, a Record op Ancient I^iastrofhism 

V 

Sedimentary deposits, especially those laid down on sea floors and 
later elevated above sealcvel, give a faithful record of the history of 
their times. In general the persistence of nearly uniform conditions, 
without any disturbance by crustal movements, results in continuous 
deposition of parallel strata with similar composition or with gradual 
change from one type of material to another, as from sandstone to shale. 
The strata in such a series are said to be cvnforttiable with each other. 
But if crustal movement causes uplift and erosion of sedimentary beds, 
any later series of strata deposited above them is unconjormable with 
them (Fig. 259). The unconformity of one grouj^ Of rocks with another 
is evidence of a definite succession of events -therefore is a signifi¬ 
cant part of the geologic record, , 

The most conspicuous unconformities fesult When eroded mountain 
regions^, with their truncated folds and iPaeply tilted sectionB of sedi- 



xQeniarjr stretta, are buned by later sediments. Ai piactieAlly ew7 
point the edges of the older beds foim a considerable migle 'With lajit^ 
in the later series, and tiierdthre the term angvlar unconformity is ap- 
propmte (Fig. 259). Two or more imgular unconfoihnities in the sasne 
section indicate two or more crustal disturbances, each followed by 
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Fi0. 250. Angular uneonformity between two laeries of marine strata. The lower 
Beries was deposited as a oonforraable sequanoe, then tilted and eioded; later submergenee 
allowed deposition of the upper series, after wUflh the area was lifted above sealevel and 
the present drainage system was developed. The area represented covers Beveral square 
miles. 


long-continued erosion and a later period of quiet when sediments 
accumulated. 

On the other band, suppose a wide shallow-sea basin is warped up 
almost uniformly to make a land surface. Erosion sets in, and a con¬ 
siderable thickness of the marine strata is stripped away over the en¬ 
tire area. If the sea again invades the district, new strata are deposited 
above the old erosion surface, and a later upwarping, with consequent 



Ftg. 260. Disoonformity between two series of formations. Ko tilting has occurred; 
but the lower series was uplifted uniformly and eroded before deposition of the upper 
strata. Compare Fig. 250. 


cutting of stream valleys, brings to view the older as well as the young6r 
rocks (Fig. 260). Because the older strata experienced no appreciable^ 
tilting they are essentially parallel to the beds above them*, but the 
two series are separated by the old buried erosion surface. The un¬ 
conformity between the two groups of stra^ is important, because it 
represents "crustal movement of wide extedb and a long interval 
during which no sedimentary record was being formed in the i^bn, 
while part of the earlier record was being destroyed. However, this 
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type of unconformity is not eo conapicuous as an angular uneonfoimify, 
which attracts attention at once by the divergence of beds above and 
below. In view of this striking difference, the special name discon^ 
j^ormUy is applied to an unconformity that is not characterized by any 
angular divergence between the two groups of strata. 

It is difficult to recognize some disconformities, particularly if the 
same type of rock lies above and below. Tliis is true in parts of the 
Mississippi Valley, where limestones deposited during several geologic 
periods are almost as flat as the old sea floor on which they were formed. 
Geologists have learned to recognize and date the different formations 



Fio. 2C1. Disconformity between two serieB of strata, both Etories tilted together. A 
large part of the upper aeries waa destroyed by atreain eroaion in developing the present 
surface after the tilting occurred. Compare Fig. 260. 

by careful study of the fossils contained in them. For some sections 
exposed in quarries or in natural cliffs it can be stated confldently that 
a particular layer is many millions of years younger than the layer 
directly beneath it^ although the two are parallel and superficially much 
alike. Conditions were exceptional during much of‘geologic time in 
what is now the Mississippi Valley. During long geologic periods shal¬ 
low seas covered much of the region. Since land was far distant, only 
limy deposits accumulated on much of the sea floor. Slow warping 
movements made the sea now shallower, now deeper, and large tracts 
lay for a time above sealevel, but so low that very little was eroded from 
the surface and no hill-and-valley topography could be formed. Other 
tracts were covered with water so shallow that the breaking of the 
waves on the bottom prevented any permanent deposition for long 
intervals of time. When enough deepening finally occurred to permit 
ren^^ed sedimentation, the new strata were Unaestopes, much like those 
directly beneath. In this way several disconfoni4t#s were developed 
which, aJthoui^ they are inconspicuous, represent l0|l|^|ntervals of time. 

A^stinguishing characteristic ol diseonformitiei is we parallelism of 
the younger and older slrata; it is not the beds shall be 

hcu'isontal undefoitned. Commonly tbe^ig baj been disturbance, 
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eitiier «li|^ or eev^, a4 boeso time after tbo 7posg^-foinnittu)ii wad 
(jepoBited. Skiea bolAi ‘groups of beds are deforoied to^getli^ 'Aey re^ 
main parallel (Fig. 361). 

Uncooformities Invtdviag NonaedlaMntary Rocks* AlHioiq^ the 
conoeptioii of unconformity is inseparable from fedinsmtary processm, 
the old surface on whidh strata are unoonformably laid may be devel¬ 
oped on rocks of any kind. Granite and other massive igneous rocks, as 
well as metamorphic rocks of aQ kinds, have bemi bared by erosion in 
wide areas and later covered witir sedimmits (Fig. 262). The contact is 
a surface of unconformity if the sediments were deposited on it. If the 
contact between rock masses of unlike character results from faulting 



Fia. 262. nnoonformity miule by eromon of gruiite bediock and later depoeition 
Bedimentary strata on the irregular surface. 

or from igneous intrusion, however, the term unconformity does not 
apply. 

Common Features of Unconformities. Since every unconformity 
involves some degree of erosion before deposition of the younger sedi¬ 
mentary series, the surface at the base of this series is more or less 
irregular. If the old land surface on which deposition began was hilly, 
the buried hills and valleys can be recognized provided the uncon¬ 
formity is well exposed. Generally the old lands were worn down to low 
relief before any permanent deposits were formed. If the unconformity 
represents invasion of the land by the sea, it is probable that submer¬ 
gence occurred very slowly and wave action near the advancing shore¬ 
line had opportunity to plane down the most prominent irregularities. 
If the sediments on the surface of unconformity are ordinary stream 
deposits, probably the did land had been reduced by streams to a 
peneplane, because most sediments laid down on a high, rugged land 
mass are swept away by continued erosion. Exceptions are the d’^osits 
in basins of interior drainage, which accumulate until they bury hills 
and mountain ranges (p. 115). Through changes in climate or im¬ 
portant shifts todramage some ancient basin deposits of this kind have, 
become deeply dissected, and the extremely irregular cCmtact 
the sediments and the rugged old surface is exposed. Titt^utaries Of the 
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Catorado Biver have .exhuo^ed old buried mountain topography of this 
sort in souibem Nevada. 

Usually the sediments deposited on a surface of unconformity are 
distinctly different in character from any sedimentary formations be¬ 
neath. Whenever the sea invades the land every part of the submerged 
area is passed over by the advancing shore zone, with its characteristic 
deposits of pebbles and coarse sand (p. 279; Figs. 190, 191). As a 
common result a basal conglomerate, composed in part of the beach 
materials, lies directly above the old land surface. 

Whether the first sediments above an unconformity were deposited by 
the sea or by streams, some pebbles in the lowest layer had their source 
in the rocks on which the deposits rest. The presence in a conglomerate 
of pebbles obviously derived from granite beneath proves clearly that 
the granite is older than the overlying strata and therefore is not in¬ 
trusive into them. 

Unconformities and Earth History. A study of unconformities 
emphasizes the close relationship between crustal movements, erosion, 
and sedimentation. The lands are being worn down and sediments are 
accumulating continuously. But slowly the scenes shift. Folding or 
faulting in a gcosynolinal basin, or upwarping at the edge of a continent, 
brings to light the strata built up during former ages. At once the 
forces of erosion attack the strata of shale, sandstone, and limestone, 
and in the act of destroying them reveal the record they contain. In the 
deeply incised stream valleys we see angular unconformities that testify 
to severe folding in remote geologic periods, or widespread disconformi- 
ties that indicate ancient upwarping of large areas. As erosion bares 
these secrets, the streams carry away detritus and deposit it, perhaps 
on a land surface recently submerged. Thus construction in one place 
supplements destruction in another; the whole complex record shows 
the constant struggle between deep-seated forces that produce the major 
relief features and processes at the surface that strive to keep the lands 
featureless and low. 
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EARTHQUAKES 

Natctre akd Obiqin 

Sensitive modem instruments distributed widely on all the continents 
isbow that the outer part of the Earth trembles almost constantly. Most 
of tiie tremors are not perceptible to our senses, although they are re¬ 
corded instrumcntally; many of them are caused by various activities 
at the Earth’s surface, such as the ebb and flow of the tides, changes in 
atmospheric pressure, the rush of traffic on city streets, and the tum¬ 
bling of streams over high falls. But numerous tremors, both powerful 
and weak, are the result of disturbances within the body of the Earth 
itself and logically are called earthquakes. 

Human Interest of Earthquakes. The scientific value of earth¬ 
quake study lies in the large amount of information it yields concerning 
the interior of the Earth. There is a more immediate interest, however, 
in the relation of earthquakes to human affairs. From the earliest 
recorded times the recurrent shaking of the ground, with consequent 
destruction on the surface, has been a cause of terror to mankind. 
Repeatedly, in numerous localities, populous communities have suffered 
great loss of life and property. Destructive earthquakes recorded dur¬ 
ing the brief span of written human history are numbered in thousands. 
Geologic evidence indicates that violent shocks have been recurrent 
throughout the history of the Earth; and there is every reason to expect 
their frequent occurrence in the future. 

The serious aspect of earthquakes from the human viewpoint is 
reahsed on review of some major catastrophen. On September 1, Ifl23, 
more than 140,000 lives were lost as a result of the Tokyo earthquake, 
and the estimated property loss was nearly |3,OOQ,OO0,O00L The shocks 
at Messina in 1908 and at Kansu, China, m 1920 equally disastrous 

to life. According to written records, mort than;^ ‘^llion and a half 
, perstms were killed in China by-t^^ shocks betW^'^the eleventh and 
twentieth centuries; and Mallet, t^'plrofm^^atudipt of earthquakes, 
(estimated that for the whole Earth it leastill^ m£^on lives were lost 
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^trough destmetive abodes in iit« eourae of 4006 ;jr«aKi. Altbougb oo- 
tivities of man bimaelf, such as fbe waging of wsr and 4|ie operation of: r 
automobilea, result in a much higher death rate, nevertheless earth-^ 
quakes are espeeially productive of fear, probably in part because they 
come without warning, and in part because to most people their origin 
seems mysterious. Study of earthquakes from the viewpoint of geology 
and physics has dispelled a part of the mystery. The study is called 
eeiamology (^mfiro-ji) from the Greek B^ismos, earthquake. 

Causes of Bartiaquakes. An earthquake is a trembling or undula- 
tory motion in the elastic rocky shell of the Earth, communicated to it 
by sudden jarring of some kind, just as a bell is set in vibration by a 
smart tap on its side. The jarring impulse evidently is the immediate 
cause of the earthquake; but what is the origin of such disturbanees? 
Ancient philosophers tried to answer tlus question, but their specula¬ 
tions were without scientific basis. Aristotle taught that subterranean 
cavities are filled with air which in its struggles to escape causes the 
ground to shake. Lucretius, in his D6 Rerum Natura (first century 
B.C.) , made a shrewder guess in assuming roof collapse in vast caverns 
as one of the primary causes. Probably some local shocks have origi-' 
nated in this way in karst regions such as those of Yugoslavia and Ken¬ 
tucky (p. 137). 

Volcanic Earthquakes. It is well established that some earth¬ 
quakes are associated with vulcanic activity. The violent outbursts of 
Krakatoa in 1883 (p. 327), of Bandaisan (Japan) in 1888, and of Pari- 
cutin (Mexico) beginning in 1943, were accompanied by shocks that 
were severe locally; but most earthquakes of this class are of low in¬ 
tensity and affect limited areas. Moreover many outbursts are not 
attended by any shocks, or at best are accompanied by only feeble 
tremblings, such as occurred dtuing the eruption of Mont Pelee in 1902. 
For a long time it was thought that volcanic action was an important 
source of earthquakes, and this idea still appeals to popular fancy; but 
careful comparison of the two phenomena, especially in Japan, has 
shown that there is no necessary connection in occUirence between 
heavy earthquakes and volcanic eruptions. Instruments near Kilauea," 
in Hawaii, record frequent minor tremors—sometimes hundreds of them 
in a single month- Very few of these are acccniqtanied by visiMe vol¬ 
canic activity, althou^ it is probable that shifting of mapsa at some 
depth is the principal cause of the local shocks. 

Crustal Movements the Chief Cause. Most of the major earthquakes f 
result from sudden yielding to stress in the Earth's crust, either by| 
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lofTsa^^ pi Dew fi^turee pr by a>topt displaceioept al(Hig the wpills 
pi j[{K:377 :) ; Id many areae ykited by disastipus iftipBkB 

theDbrfaoe pf the ^und hae been broken along faults, and the amount 
of (Seplacement ip elearly k^ipated. Commonly these movements take 
place abn^: old fault zones which bear the marks of repeated displaoef^ 



Fio. 263. The San Aiidieaa fault and other faults in the vicinity of San Francisco^ Calir 
fornia. The mountain rideoe are a part of the California Coast Kangos. 

mcnt. In California a great fracture zone can be followed almost epn- 
tinupusly, by means of its peculiar surface expressioiy from tbe ap^^em 
part of the state northwestward for 600 mll^'; Tli^^feature, tbeiSan 
Andreas fault, passes near the city of San Francisco {Fig^ 263). On 
Apiil 18,19b6.> abrupt movement along at le8Bt.274mUes «f this fraetpre 
tamsed a destructive earthquake, ^e len^ oj|}|^a;bVeak la exeep- 
tioQid DinpDg recorded fault inovements; but sip^K^breaks 25 tP 50 
;!^n4 ate not uneommPitu 

Ai' dpthileii {study along San Andrdip^ia^tthe rupture in 

yabkbte' i&fpnnation 
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displacement. In mo6t places no scarp was made by tbe fauhipg, be- 
eatise the motion was almost entirely bomonta^^arallel with the fault 
(Fig. 264). This fact was established beyond question by the offsetting 
of roads, fences, and other features that extended across tile break. 
The largest measured displacement was 21 feet. On May 18, 1^0, 
comparable movement occurred In extreme southern California, along 
a fault that appears to be a branch of the great San Andreas fault, eaus^ 
ing a severe earthquake in Imperial Valley (Fig. 265). More com¬ 
monly a part of the motion on a break of this kind is vertical and forms 
a steeps scarp (Fig. 254, p. 383), The great Yakutat Bay (Alaska) 
earthquake in 1809 resulted from an abrupt vertical displacement that 
lifted part of the coastal belt nearly 50-feet. 

AVhen we consider that the walls of a fault are pressed closely to¬ 
gether, that movement is possible only by overcoming great frictional 
resistance, and that the displacement, once it occurs, takes place almost 
instantaneously, it is not surprising that powerful vibration is set up 
in the adjacent rock. The exact nature of movement along the San 
Andreas fault in 1906 was made tlie subject of special study, and it was 


M. I. mmSDT. 

Ftg 264. Air vUw along tbt San Andreas fault at the west hose of the 7m- 
hlor Range, California. The position of the fault is marksd by tht nearly straight 
furrow between the hills and the Im ground. View taken from altitude of 6W0 
feet. 
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conehided tiiat dow moveo^t dI great cnustal blocks on opposite aides 
of tbe fibult had been in progress for many years before the earthquake 
occurred. Deformation in the rock was by slow bending, until the 
strain could be borne no longer and relief occurred by ela^^ rebownd 
along the old fracture (Fig. 266). According to this view the sudden 
movement of 1906 was confined to a comparatively narrow belt closely 
adjacent to the fault and did not involve the immediate shifting of great 
segments of the crust. The distorted rocks along the fault straightened 
with the abruptness of the springing of a steel trap; energy that had 
been accumulating for decades was released in an instant, strikbg the 
Earth a sharp blow that made it tremble. Vertical displacement on a 
fault is supposed to occur by similar elastic rebound after slow^ bending 
(Fig. 267). 

A visible fault does not appear in every area visited by an earth¬ 
quake. Commonly direct evidence of crustal movement is voting, 
especially in connection with mild or moderate shocks. It is believed 
that actual displacement occurs frequently at considerable depth and 
does not reach the surface. This is a logical inference, since every break 
must be limited in extent, vertically as well as horizontally. Earth¬ 
quakes of the first rank, however, are generally restricted to regions of 
active faulting, for which there is evidence at the surface. Many major 
shocks originate under the sea, and in some places soundings made after 
such an earthquake have demonstrated that the sea floor was displaced 


HBI2EL, HL CBNTRD, CAUFDENIR, 

Erg. 265- Horizontal displacmtnt at the time of the Imperial Valley (California^ 
tarthqnake of May 18, 1940* Before the movement the bushes in the left fore- 
pound vme dinttly in lint with the row of bushes marked by the man. Position 
of fault is indicated by the disturbed pound. 
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After C. Lau 

Fig. 266. niuatratioii of the eUatio rebound theory of earthquakea. Sketch map of 
an area in the vicinity of the San Andreas fault (/-/). ABC^ position of a line (say a fence) 
directly before stram befian to build up in the faidt lOne; axV, position of the line aeverid 
years later, when the rocks had been omiaiderably deformed; DyC, position of the line 
immediately before the raoveihent of 1906; DE, ^C, the two offset portions of the line 
after slipping occurred on the fault, allowing Dy and yC to straighten. C is a etatumary 
point outffide the lone of movement. (Scale of BE greatly exaggerated; this distanoe is 
only about 20 feet, whereas AC is 200 miles or more.) 



After A. Skherg, 


Fig» 267. A segment of the crust idiowing elastic rsboupd from vertical stt^, with 
the fonnation of a fault scarp. The Upper block shows bending ([p«atly egagfemled) hy 
accumulating strain before niovement; the lower block representB the dispUeeUieat after 
the elastic rocks have sprung into a poaitmn of no strain. 
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at tafioe of the abocL ^tmeoeeanic cables have been broken -by 
a^n^t dL^acement of the Aoch: athwart their courseB. 

Intensity of Eardiqnakes. Earthquakes vary in strength from 
mionie trontHn to tire irresistible shocks that cause major human dis¬ 
asters. In order to compare tlie effects of different shocks, and the 
results of the same shock in different places, an arbitrary scale of in- 



Modified frmn Charlee Damon. 

Fia. 268. Idoaeiamal map of an earthquake 'with epicenter near Hereford, England, in 
1896, Roman uumeraU indicate intensity in the several aones. Note that the isosoisnial 
linee are not oiroular, but outline oval-shaped areas elongate northwest-southeast. 

tensity has been adopted; on this scale earthquakes arc classified from 
I to X in increasing order of strength. A shock of intensity I is hardly 
noticed even by an experienced observer, but is recorded by delicate 
instruments; one of intensity V is felt by nearly everyone awake, dis¬ 
turbs furniture in houses, and rings church bells; intensity as high as 
VIII is required to throw dowm chimneys and crack the walls of brick 
or stone buildings; intensity X causes widespread deirt^ruction of build- 
ingB and disturbance of the ground. 

By the use of such a scale a region affected by an earthquake is 
divided into intensity zones, and the lines a^aratmg adkuient zones are 
called isoBeumals. Ideally they inclose nearly citcubf ot elliptical 
belts around the area of highest intensity for an earth¬ 

quake caused by slipping on a long fault, tbe CSrapmia earthquake 
of 1906| the isoseismals define narrow beltl^iliai straight for 



m 


JSABttfQtrAiraSB 

4iBtaneee (^g. 269). DiS^ttcea ia the aatore of ike bedrid aod 
bSbo the inegolfor .distrifmtioQ of'uaccmeoUdated ieedaoeiitB cauae pro- 
tunmeed local ix^gulariiaea ia iaOseismal maps (l^g. 269)« 

The scale of ioteasity based on observed destructive ^ects is useful 
for comparative purposes; but at best it ^ves only a crude and qualita¬ 
tive conception of the otergy displayed by an earthquake at each local- 



Cdlifomta Earthquake Commiaeitm, 


Fig. 260. Zones of intensity in the loi?er part of the San Francisco peninsula, for the 
earthquake of 1906. Homan numerals indicate deerees of intensity in the belts eon- 
cerned. The highest intensity (X) 'was restricted to a narrow belt on each side of the 
fault, and in general there was a gradual decrease on both aides; but the bolt loose 
deposits near the Bay caused abnormal intensity. Since there were no dwellings or other 
works of man on the tidal mareh, the intensity in that area is not known. 


hy affected. A more scientific scale, in use by some special students of 
earthquakes, is based on comparison of graphic records made by an 
instrument of standard type at a distance of 100 kilometers from an 
earthquake center. Engineers interested in building earthquake-resist¬ 
ing structures have devised another instrument that ^ves precise 
records of intensity, expressed in terms of the acceleration of a mass 
set in motion by an earthquake shock. As the practical study of eartii- 
quakes continues', no doubt these instruments will W further perfected 
and will be adopted for general use in seismic regions. 
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Sidbimc Belts. Although earthquakes occur in all parts of the world, 
tho^ that occur on land are concentrated in certain wellniefined tracts, 
most of which lie in two great seismic belts. One of these follows the 
western coast of North and South America, the Aleutian Islands, and 
the island groups along the eastern coast of Asia such as Japan'and the 
Philippines, and thus borders the Pacific Ocean on the east, north, and 
west. The other includes the Mediterranean, the Alps, the Caucasus, 
and the Himalayas and continues into the East Indies, where it inter¬ 
sects the first belt (Fig. 217, p. 332). In a general way these zones co¬ 
incide with the great volcanic belts (p. 331); and this fact might appear 
to support the idea that volcanoes are an important cause of earth¬ 
quakes. However, since the beltav-correspond closely to young moun¬ 
tain systems and other marks of recent crustal movement, it is prob¬ 
able that earthquakes and volcanoes have a common relation to this 
disturbance of the crust. It is a notable fact that where the seismic 
belts lie directly along the continental borders, as on the coast of Chile 
and the eastern coast of Japan, the edge of the continental mass de¬ 
scends rather abruptly, without any broad intervening shelf, to great 
depths. These deeps (Fig. 2, p. 4) are great troughs that appear to be 
sinking while the bordering lands are rising. We conclude that these 
are zones of weakness in the Earth’s crust where stresses are being 
relieved by frequent movements, and in which therefore earthquakes 
recur at short intervals. 

It is commonly thought that certain regions are practically exempt 
from danger of earthquakes because no real disaster has happened in 
them since they have been settled and cities have sprung up within 
them. It is true that most of the Atlantic coasts, and large areas in 
continental interiors, are relatively free from earthquakes. The com¬ 
parative stability of the Atlantic seaboard as compared with that 
around the Pacific is emphasized not only hy the historical record, but 
by the existence of a wide continental shelf, which is in strong contrast 
with the deep water near the Pacific coasts 4). However, the 
experiences of the central Mississippi Valley in 1^1 and of Charleston 
(South Carolina) in 1886 warn us that n6 may be entirely 

exempt. Even in New England, which ie, not *|^^!%nized as a seismic 
tract, there has been an average of one tremor a year since 

the settlemwt of the country. Probably only one of these that ap- 
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-^roachrfi wteisity mtmed m 1755, with its center near 

C^biMge, Ma«mchusrtts. ^ 

Subfstitttitie Slaocke* The location of fieiamic belts ncalr the margins 
of conthieiitB suggests ijiat many earthquakes are of submarine ori^h. 
Their occurrence beneath the sea is shown directly by shocks com*- 
municated to vessels on the surface above, and by rupturing of sub¬ 
marine cables. Since the invention of sensitive instruments by which 
it is now possible to record distant earthquakes and determine their 



Fig. 270. Records by a tide gage. The lower curve shows the normal succession of 
high and low tide, the upper curve shows rapid oacillations, with a period of about 25 min¬ 
utes, caused by a seismic sea wave superposed on the tidal record. Horisontal spaces 
record equal time intervals as the paper is moved uniformly by clockwork. Vertical 
spaces show heights in feet os record^ by the rising and falling pencil of the gage. 


location, it has been learned that a large majority of earthquakes occur 
on the floor of the Pacific, A prominent seismic belt on the floor of the 
Atlantic coincides rather accurately with the Mid-Atlantic ridge (Fig. 
217, p. 332). The most conspicuous mark of a submarine earthquake 
is the huge wave that commonly is generated in the sea by disturbance 
of the floor. Such waves have long been known as *^tidal waves,'* a 
misleading name since they have no connection with the tides. They 
are now generally known to seismologists by their Japanese name^ 
tsunamis; they are also called seismic sea waves. Some are of immense 
size, measuring 100 or even 200 miles from crest to crest, and as much as 
40 feet in height. They are so broad that in the open sea they are not 
ordinarily perceived; but on approaching a coast those of large si® 
pile up in huge breakers and, sweeping far inland, cause enonnouB 
damage and lo® of life. 

Lisbon in 1755, Japan in 1703 and 1896, and Peru in 1868, suffered 
from great and disastrous tsunamis. In April, 1946, a tsunami that 
originated in the Aleutian Deep caused widespread dest^tion in the 
low coastal areas of the Hawaiian Islands 2(X)0 milea away^ The 
number of victims of a sii^le inundation of this kind has been great 
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as l^yOOO. These vast waves are felt over whole oceans and more 
witli tremeodons speeds, raapng from 300 to 500 mlla per hour. Smns 
ti!U(t originsded neat lapan have crossed the Pacific in abmit 12 hours. 
At such distwices their height may be only a few inches; but they ebb 
and flow like small t^es in periods of 15 to 30 minutes, and these varia- 
ti(H>s are registered as undulatory lines on the record of a tide gage <Fig. 
270). 

I Seismology 

vVransmtssion of Earthquake Vibrations. It is important that we 
distinguish clearly between cause and effect in earthquake phenomena. 



Modt/led from A., S%t^g. 


Fig. 271. Correspondenoe between belts of intensity and geologic formations at 
Messina, Italy, in 1908. The water-soaked loose sediments appear in black in the vertical 
eectioti on the front of the block. 


The displacements shown in Figs. 265 and 267 are not, as is commonly 
supposed, the results of earthquakes; they represent the causes. Thy 
effec t of the sudden m ovement along a fau lt is to set up vibrations that 
move outw iard^i rnitii'^iflt nlacB, as circular waves spread out from tlie 
position at which a stone strikes the surface of a pond. Thus the earth¬ 
quake is propagated as a series of waves in the highly elastic body of the 
Earth. In the passage of these waves the particles of bedrock usually 
are displaced only a fraction of an inch, even near the origin of the 
shock; but loose objects on the surface may be thrown several foot by 
the impulse. This effect is illustrated in miniature by placing a pebble 
or similar object on a board floor and strikmg the floor a sharp blow 
with a hammer; the pebble can be made to leapinches although 
the floor in transmiUing the impulse does not n|(i4t.|l|{^eptibly. 

OseUlatimi of the ground during an earthquiike loaches a maximum 
in thick deposits of recent sediments that s^eahilinled with Water. At 
San Franciseo the devhstation was most aet^ oh the low flat near tiie 



(fijg.2e0); 

Iffdlrddk, inren jaeain^the ifloH, mif-r 
fei«4' teBs daiBti^ At Messhift, Sk^jr, in IlidS, fAM>e ‘was so «vea 
clears correlstioa betwecai jtB^cunum: des^ction ai^ feesot sedi- 
aientairy deposHa <Fig. 271). Hie coQta^st m bdiavicr of imocmaoli* 
dated sediments and of bedrock may be illustrated by ^king sharply 
the side of a bowl containing jelly. The bowl is set xdbrating with 
resulting sound, but actual motion in the walls of the vessel is imper¬ 
ceptible. However, the same impulse transmitted to the jelly sets up 



Fig. 272. Ideal section through part of the Earth, to illustrate the spreading of eUstie 
waves in nearly spherical form aw|ty from an earthquake focus (the inner small circle)^ 
These surcsessive wave fronts intersect the surface of the Earth, as indicated by the hnes 
at the top of the diagram. Vertical path emerges at the epicenter, e. The impulse travels 
more rapidly with depth, because of the increasing pressure; hence the wave fronts are 
not truly sphericaL Any line (except the vertical) along which the impulse may be traced 
from the focus to a point on the Earth’s surface is curved downward, as sliown; such a line 
is everywhere at right an^es to the advmicmg wave front. 

longer waves that are visible. Excessive destniction on saturated loose 
sediments is caused by this larger wave motion as compared with the 
behavior of solid rock. Observers at Charleston, South Carolina^ dur¬ 
ing the destructive earthquake of 1886, reported that they saw the 
ground rise and sink with the swift passage of large swells. 

If we think of the origin of an earthquake as a single point at some 
depth below the surface, the wave impulse should move out in all direc¬ 
tions, with the wave front at the start exactly spherical; the impulse 
should first reach the surface at a point vertically above the origiu, and 
the surface area affected should grow from this point in an ever- 
enlarging circle (Fig, 272). At one time this simple conception of 
earthquakes was commonly held. The supposed point of origin was 
called the focuB or centrum, and the point directly above it on the sur¬ 
face the epicenter (e, Fig. 272). On an ideal iaoseismal map fp. 398) 
the epicenter is at the exact center^ for aeeording to the original ooneep- 
tion the isoseismal linee should be exaet circles, the intimity dying out 
uniformly away from the point directly above the focus. Usually, how*' 



m iqSI^F8IG%C^ ^ 

fiven m of la^tii^ m viail^te at tibe jiarfao(^,.,l3^ 

isoss^als are roug^Uy ellijHical; eaggeetint tbat^^ vitoattoBS at ^ 
lawlae^^ started along a line of some length instead of from a point Kot 
miGommonly, also, in a region visited at frequent mtervals by emtb- 
quakes the different epicenters are situated along a line; such a line 
probably represents a long fracture at some distance below the surface. 
The terms focus and epicenter still have value in the study of earth¬ 
quakes, although it should be understood that they are not points. 
The necessity for modifying the older views is evident when we con¬ 
sider the great length of the fracture on which slipping occurred to cause 
the San Francisco earthquake. Initial vibrations started along the 
entire surface of this fault, over a length of at least 27Q miles and 
reaching from the surface to an unknown depth. Isoseismal belts for 
such an earthquake are extremely elongate. 

The general position of the epicenter of a strong earthquake is indi¬ 
cated also by the directions in which objects on the ground are displaced 
by the shock. At the epicenter the force acts directly upward; in 
other positions the vibrations emerge obliquely and tend to throw ob¬ 
jects away from the epicenter, although monuments and similar db- 
jects, from having their bases thrust outward, commonly fall toward 
the center of the disturbance. Therefore the positions of pillars and 
chimneys that have been thrown down by an earthquake furnish im- 

J ortfint information. 

Seismographs and Seismograms. Seismographs ^ are precise and 
sensitive instruments that record all phases of an earthquake, even at 
a great distance, with the exact time of each phase. 'The general prin¬ 
ciple used in constructing these instruments is most clearly illustrated 
by one of the older types. A hea^^ mass of metal suspended like a 
pendulum has considerable inertia and so tends to remain at rest while 
the bedrock beneath it vibrates in an earthquake. The suspension of 
the weight is illustrated in Fig. 273. A concrete base for the instrument 
is sunk into firm bedrock, and no loose mantle is allowed to colne in 
contact with the base; thus the instrument is kepi free from local dis¬ 
turbances, such as jarring due to traffic, which mi^i obscure essential 
parts of an earthquake record. An uprij^t metal post (P) is bolted 

1 Several modem types of seismographs are pictured described m Reading 

References 4 and 6 (p. 412). In some of these the motion between the 

weight and its support is utilised to move a small eoH in a magnetic ffeld. 

^ The Mngn electnc current thus generated is mietdi ampl^i^ by a vacuum-tube 
amplifier, then conducted to an oscillograph, Series a galvanometer. 

Thus the actual vibrations in the ground can ^ in greatly magtiified 

ibim* 
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fUmly to 'tiie eotoreie base, ukI the heavy wei^t (TF), Qion&ted on a 
aijn ih), ifi auppoited anl|r by a freely saoving eocket joqit 
wid a flexible vrire (F). When elastic vibrations fpe transmitted 
'^icou^ bedrock and the concrete ba^, the post is set in motion, but 
the wei^t remains essentially motionless and so serves as a ^‘^steady 
point.’" 

The recording apparatus is a drum (F), which is made to rotate 
slowly by a clockwork mechanism. Tliis apparatus also is bolted to 



Fig. 273, Generi^ued representation, in profile, of a seismoBrai^i of one type. The 
chief parts, indicated by letters, are explained in the text. The recordiii£ apparatus (A) 
should be much farther from the mirror (M) than shown; for this reason the concrete 
base and the bedrock beneath are represent^ as discontinuous. Inset at upper left shows 
in perspective the drum, with record of an earthquake. (On sensitised paper, the 
record would not be visible until the pi^r was developed.) 

the concrete base and vibrates with it during an earthquake. These 
vibrations are graphically recorded, with the aid of the “steady point,” 
In early models a stylus attached to the weight W had its point in con¬ 
tact with smoked paper covering the drum. The shaft of the drum ia 
equipped with a worm gear, which shifts the drum longitudinally as it 
rotates. When the bedrock was undisturbed, the point of the stylus in 
the old-style seismo^aph traced a continuous plain line on the smoked 
paper^ as represented at the left in the inset, Fig. 273, When earth¬ 
quake waves caused the drum to vibrate, however, the stylus recorded 
the motion as a zigzag line, ae shown on the inset. Such a |ptipbic| 
record of earthquake vibrations is called a seismogram (Fig^ 274) J 
In a later development of the recording apparatus, still in common 
use, a beam of li^t (B, Fig. 273) is reSected frean a mirror (M) afe- 
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tacb^ to the steady point, wd impinges on photographic paper cover¬ 
ing the rotating drum. The resulting lines are revealed only after the 
sensitised paper has been developed. Vibrations of a distant earths 
quake are of course small, and therefore the recording device on most 
seifimographs is constructed to give considerable magnification of the 
actual amplitudes. All instruments are equipped to mark time inter¬ 
vals on the moving paperj so that each important phase of an earth¬ 
quake is timed closely (Fig. 275). 

Every complete seismograph has three independent components, each 
making its own record. Part of the vibration in bedrock is in the verti- 



Fio. 274 Rocord made at Pulkovo, Russia, of an earthquake in Asia Minor. P is 
the begmung of the primary waves; of the secondary waves; L, of the long waves, 
which continue to the righf side of the diagram. The time elapsed between F and S was 
3 minutes and 43 seconds, corresponding to a distance of 1400 miles between the station 
and the epioentral area. 

cal plane, and one seismographic unit is especially designed to record 
this vertical motion. In addition, two units for recording horizontal 
components are mounted at right angles to each otlier, usually along 
north-south and east-west lines. The necessity for this is made clear 
by a simple analysis. Since vibrations arc parallel to the direction in 
which earthquake waves advance, a unit of a seismograph that has the 
recording device and the “steady point” along a n<*rth-Bouth line will 
give no record of an earthquake w^hose center is directly north or south 
of the instrument. Vibrations from such an earthquake wtU recj^e 
ma;dmum recording by a unit mounted along an east^West lino. 
two units at right angles to each other, a station will give snmel>^tnrd 
of the horizontal motion, whatever the direction of the epmentfer from 
the station^ 

Modem seismographs are remarkabjiy sensitiyei^ precise, and smne 
of them are made small and light, tf^^mit l^japid transporta¬ 
tion from one station to another, f^rtablfef seifflWdgjiiphs are in com¬ 
mon use for recording “artificial earthquafe^".?? ariiiited by dynamite 
explosions, to determiili^ underground conditii^^ jtavorable for accumu¬ 
lations of pstroleu^i^M natural gas (p. 522)^^ ^ 



The of earthquake tremote. thouaaods of mil&s from the 

epicenter testifles not only to the sensitiveness of tlie modern jseismo*^ 
graph but also to the high elasticity of the Earth. Seismographs arq 
now widely distributed on all ecmtinents, and every major earthquake 
is recorded in practically every civilised country in the ^orld. 

Interpretation of Seismograms. The study of seiemograms of distant 
earthquakes led to the discovery that the main shock is preceded by 
smaller rapid vibrations known as the preliminary tremors. Thus a 
normal seismogram has the cliaracters seen in Fig. 274. These pre- 



Fig. 275. ScismoKiam, made by an instiument at GntUngen, Germany, of the Tokyo 
earthquake, Japan, Sept. 1, 1923, 5700 miles (9200 km.) distant. The first preliminary 
wave reachiMl the station shortly after 3 a.m., and the record ran continuously for more 
than 4 hours. (The five segments in the figure fit together as a continuous graph, as indi¬ 
cated by corresponding letters at ends of segments.) Note co/nplexity of prelinunary 
waves and of the impulses following the long waves. 

liminary tremors represent elastic impulses that come through the 
Earthy in the general direction of a chord from the seat of disturbance 
to the recording station; whereas the later large vibrations represent 
those waves that have traveled by a longer route around the circum¬ 
ference. The first preliminary tremors (P to S, Fig. 274) are caused 
by a compressional or longitudinal wave (commonly known as the pn- 
mary)^ which travels several miles per second; the other preliminary 
set (S to L, Fig. 274) represents a transverse wave motion (the sec¬ 
ondary wave), which travels at about half the speed of the primary. 
Therefore the time interval between the two sets of preliminary tremor^ 
is proportional to the distance traversed, and from this information the" 
distance between the seat of the shock and the seismograph can be cab- 
culated accurately. The calculation uses the same method required by 
a problem found in elementary textbooks of algebra, stated as follows: 
Train 4, traveling at average speed 50 miles an hour, and trains at-30 
miles an hour, leave a given station at the same time, A arrives at 
another Ht“t.ion thrpp, honrs earlier than B; what is the distanceibetweeh 
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tiie two Btaiions? In the seismic problem the P wave is aoalogotu to 
ttaiQ A, the £! wave to train B. 

If the dietances of an epiceater from at least three separate stations 
are computed and circles are drawn on a globe with these distances as 
radii, tlie circles intersect in the epicentral area (Fig. 276). This 



Fio. 276 Method of locatuie the epicenter of an earthquake,from records at three 
stations. At Berkeley, California (B), St. Louis, Missouri iSL), and Cambridge, Massa¬ 
chusetts (C), the distance is found from the relation of P and S on the seisinograin (Fig 

274) UsLUg the distaiiees as radii, circles drawn about the stations intersect ui southern 
Me&oo, at the epicenter («). 

method of locating the origin of an earthquake invokes a principle that 
is learned m elementary geometry. 

Most seismograms record a succession of vibrations following the first 
long waves. Some of these later phases represent recunent after¬ 
shocks, and others are due to complex reflected abd refracted wave 
motions in the Earth (Fig. 275). ]^ery record received at a (fietant 
station shows also compound instead of simple P and 8 waves (Fig. 

275) , indicating that refraction of these elastic m^^ses occurs at the 

boundaries of definite layers or zones in the tl^at differ in elastic 
properties (Fig. 285, p. 440). ' 

By eareful study of records from several statiof^dSetributed around 
an enieenter, it is possible to calculate the at which a shock origi- 
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nat^. A larg^ majority of earthquakes that have bem studied are in 
ibe shattow-f^cus claB8> having their origin l^s than 30 miles (50 
kilometers) below the Earth’s surface. In sharp contrast to these, a 
considerable number of earthquakes are in the deep-JoeiLS class, origi¬ 
nating at depths as great as 400 miles (700 kilometers), A deep-^focus 
earthquake is felt with nearly uniform intensity in an area hundreds of 
miles across. Seismograms from such earthquakes are distinctive^ since 
they have practically no record of long waves. Deep-focus earthquakes 
were first recognized within recent years, and their cause is still a sub¬ 
ject of speculation among seismologists and geologists. 

With the improvement of seismographs and the wdde distribution of 
stations, seismology has begun to furnish important information about 
the inaccessible interior of the Earth. This aspect of seismology is 
discussed in Chapter 18. 

Possibility of Predicting Earthquakes. Will the science of seis¬ 
mology be so perfected that eventually we shall be able to predict ac¬ 
curately the occurrence of earthquakes in particular areas? This possi¬ 
bility has been suggested, but probably there will always be too many 
unknown and variable factors to permit this kind of forecasting with 
any certainty. The problem has been studied seriously for the vicinity 
of San Francisco, California. Surveys made during the last half of the 
nineteenth century, and repeated soon after the earthquake of 1906, 
suggest the rate at which the rocks near the fault yielded by bending, 
before elastic rebound on the fault brought relief (Fig. 2661. Possibly 
strain by bending is once more building up, to be relieved by a future 
jarring displacement. Can the date of this event be fixed? 

Any hope of solving such a problem must depend on exact surv'eys, 
made at frequent intervals of time, to determine as accurately as pos¬ 
sible the rate at which points in the region of the fault are being shifted 
with the growing strain. Aside from the large expense of making such 
measurements, the problem involves many difficulties. Although we 
know the amount of displacement that occurred in 1906 along various 
parts of the fault, the few measurements made before that date give 
scant information about the exact positions occupied by critical points 
outside the fault zone before slipping took place; therefore w^e do not 
yet have any dependable standard by which to decide how much defor¬ 
mation of the region is necessary before slipping must occur. We do 
not know the form of the fault surface underground; if it is irregular, 
possibly the movement of 1906 caused changes that will make necessary 
eiltoer more or less stress to cause additional slipping. ^ 

assurance that the forces causing the deformation now act ia||b^actly tijee 
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BiBriade direc^on, or with the same iotensity as before 1906. Moreover, 
ihere are other active faults in the same general region, and possibly 
slipping along one or more of these will ease the strain near the Ban 
Andreas fault sufficiently to postpone movement on it for considerable 
time. 

After analyzing all the information available, one geologist sdg- 
gefi^d that another displacement along the San Andreas fault in c^- 
tral California may occur near the middle of the present century. How¬ 
ever, he emphasizes the elements of uncertainty, which may either 
double or cut in half the average time interval between successive 
movements. Even such a conditional forecast as this has value because, 
as he states, 'The best protection against the danger of earthquakes is 
not the knowledge of the particular dates upon which they will occur, 
but the realization that they may occur at any time, and that founda¬ 
tions and structures should be btdlt sufficiently strong to withstand 
their shocks.’' 

In many other regions the problem of earthquake prediction is even 
more difficult than in California. The crustal movements responsible 
for the Tokyo earthquake of 1923 occurred chiefly under the sea, where 
no careful check by surveys is possible. Hope of forecasting shocks in 
such areas must depend on earthquake records over a long period of 
years, and perhaps on Ifee' rdkognitioii of minor warning tremors that 
may herald a major displa^ment on a fault. 

PBECAUTt(^^ AGAINST EARTHQUAKES 

Man clh not control the’forces in the Earth's crust, but within limits 
he can protect himself against their destructive effects. Collapse of 
numerous school buildings in southern California during the Long 
Beach earthquake of 1933 aroused a widespread demand for earth¬ 
quake-proof construction of public buildings in that region. Well-con¬ 
structed buildings with steel frames stood the test remarkably well in 
Tokyo and in San Francisco. Masonry walls without reinforcement are 
badly damaged by severe shaking. Tough, resilient materials ihi^t re¬ 
cover from strain without breaking stand most successfully, and there¬ 
fore frame dwellings usually survive a severe j^rthijuake with less 
damage than those made of brick or stone. lit jl^^portant, however, 
to have all buildings as nearly fireproof ae since fires from 

broken electrical connections and from otl^ som^ are an incidental 
effect of every large earthquake. Comapa^gi^ fli* water mains are 
broken wh^ a severe'shock affects a large and the uncontrolled 
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^68 VRsfly more damage than the earthquajce itself. Chty 
iu ftiTBas axe jiving special ftitention ^ eafi^uarcliiig 

systems. The problem is particularly difilcult wherever it is neoese^ 
for the luaius to cross active faults. 

Gboi^io Effects of Eakthquakes 

Although earthquakes are impressive in their display of power, they 
play a minor geologic role in comparison with running water and other 
agents whose ivork is continuous but as a rule not spectacular. One 
of the most conspicuous effects of earthquakes is the starting of land¬ 
slides in mountains or hilly regions. Several large slides of this kind 
were formed near Tokyo in 1923; and in 1920 the great earthquake in 
Kansu, China, set in motion enormous quantities of loess, which buried 
villages and caused important changes in surface drainage. Thus earth¬ 
quakes speed the process of mass-wasting (p. 60). 

Earthquake waves cause alternate compression and tension in the 
rock or mantle through which they pass. The resulting disturbance 
causes changes in underground drainage; some old springs stop flowing, 
others have their discharges increased, and new springs come into exist¬ 
ence, Tensional imptilses of the earthquake waves open deep fissures in 
soil or other mantle, and the succeeding impulses of compression force 
large quantities of water to the surface at some localities. Commonly 
the flow is concentrated at favorable pirints along a fissure, with the 
result that rows of small craters are formed by the sand and silt brou^t 
up by the water. Saturated sand in layers far below the surface is 
forced up to fill crevices, and the resulting “sand dikes” remain as a 
record of the disturbance. Small dikes of sandstone cutting across 
shale in old sedimentary rocks may have been formed by ancient earth¬ 
quakes, although no doubt the pressure responsible for such features 
ori^nates in various other ways also. 

The most important geologic changes at the time of an earthquake 
are the vertical or horizontal movements of crustal blocks; but it must 
be emphasized again that such movements are the cause and not the 
effect of the shocks. 


READING REFERENCES 

WORKS OBAUNG WITH PRINCIPLES 

1. Our Mobile Earth; by R. A. Daly. 342 pages, Charles Scnlmer^s Sons, IMS 
CliapterB I and II give an exeeUent diacuBwIon of earthquoAes and tlietr cause. 

Ht^la Is vigorous and stimulating. Namerous excellent illustrations. 



PHYSICAL GEOLOGY 


m' 

2. A Manual of Seismology; fyy Charles Davison. 249 pages. Cambridse Uni- 
veriBity Press, Cambridge, 1921.* 

A «l«ar presentatlou of prtnclploa and metliodB In earthquake study. 

3. Earthquakes; by N. H. Heek. 222 pages. Princeton University Press, 1936. 
A nontechnical presentation, urlth special emphasis on seismology In the United States. 

Well Ulna trated. 

4. Practical Seismology and Seismic Prospecting; by L. D. Leet. 430 pages. 
D, Appleton-Centuiy Co., 1938. 

A comprehensive trpatment, not highly technical but requiring some mathernathics. 

6. Seismology; by Ferry Byorly. 248 pages. Prentice-Hall, 1942. 

An up-to-date treatment, partly descriptive but with mathematical analysis of prin¬ 
ciples that must be mastered by serious students of seismology. 

6. When the Earth Quakes; by James B. Macelwane, S. J. 288 pages. The 
Bruce Publishing Company, 1947, 

A well-written treatise, uontecbnlcnl but authoritative, by a leading selmnologlst. 

7. (a) Erdbebenkimde; by A. Siebei^g. 572 pages. Gustav Fischer, Jena, 1923, 
<b) Kleine Erdbebonkunde; by Karl Jting. 159 pages. Julius Springer, Berlin, 

1938. 

These two books give excellent treatments of tlie subject for those who read German. 

8. Introduction to Theoretical Seismology; by J. B. Macelwane and F. W. 
SohOD. Part I, Geodynamics, 366 pages; Part 11, Seismometry, 140 pages. John 
Wiley & Sons, 1936. 

A comprehensive and up-to-date treatment of the subject in a strictly technlral way. 

9. Physics of the Earth—^VI: SciBmolog>'; by a committee of five specialists. 
223 pages. National Boscarch Council, Washington, 1933. 

An able rlisrnsslon of several aspects of seismology, with numerous references to addi- 
tl^al literature. 

STXTDIES OF 1MP0BTA17T BLUITH QUAKES 

10. Beport on the California Earthquake of April 18, 1906; by A. C. Lawson and 
others. 451 pages. Publication 87, Carnegie Institution of Washington, Vol. 1 
and Atlas, 1908. 

A full account of the San Francisco earthquake, with a description of the great San 
Andreas fault. Numerous excellent photographs and maps. 

11. The Japanese Earthquake of 1923; by Charles Davison. 124 pages. Thomas 
Muxby and Co., London, 1931. 

Gives vivid deseriptlDus of the earthquake, with h full scientific dlsousslon. 

12. Great Earthquakes; by Charles Davison. 286 pages. Thomas Murby and 
Co., London, 1936. 

Detailed and highly Interest^ilg accounts of slxteeu groat eartihiuiikes, caugiiig In date 
from 1755 to 1931. 



Chaptbb 17 

METAMORPHISM 


Metamori^bin the Result of Adjustment to Ehivironment The 
Earth’s outer shell in many places is made up of remai'kahlo rocks that 
are obviously neither sedimentary nor igneous. These rocks, Itnown as 
metamorpkiCf comprise the third of the three major groups into which 
all rocks are divided, j^etamorphie means tramformd and tells u^ 
that the rocks so called have made by Am transformatioi) of older) 
pre-existing rocks. This transformation has developed new strurtures| 
new textures, or new minerals, or all of these. The resulting meta4 
morphic rock may consequently have been so thoroughly made over 
and have become so changed in appearance that it would not be sus¬ 
pected to be an older rock in a new guise. In places, however, meta- 
morphic rocks grade by imperceptible stages into rocks known to be of 
sedimentary or igneous origin. Such gradations furnish tlie clue to 
understanding how the metamorphic rocks came to be. 

Among the surprising discoveries made by the microscope is the fact 
that many rocks are adjusted to their environment. The minerals that 
occur together in a given rock are more or less thoroughly adjusted to 
the environment in which the rock was formed. If they are in complete 
adjustment, they are in stable equilibrium under the conditions pre^ 
vailing in that environment. Under changed conditions they cease tc 
be stable. They therefore tend to adjust themselves to the new environ¬ 
ment, and new minerals are formed. 

Metamorphism accordingly w the result of the tendency of rocks to' 
adjust themselves to their environment. The factors determining equi¬ 
librium between minerals in rocks are temperature,^prcssurej, and cedn- 
position. Change in any one of these factors disturi>B equilibrium; andT 
to r^tore equilibrium internal changes take place in the rocks. 'I^'ke 
for example a sedimentary rock. It was formed at the temperature and 
pressure prevailing at or near the Earth’s surface. If later it becomes 
involved in crustal folding, it may become deeply depressed in the ernst, 
miles bclow'the surface. During folding H was subjected to strong 
confining pressure and to powerful shearing stresses; and, whim it 
reaches its final position deep in the crust, it is in a greatly differwt 

lU 
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environment, where temperature and pressure are far bigger. Many 
of its constituent minerals are unstable under the changed conditions 
and react with others present to form new minerals that are stable 
under the new conditions. As a result a new rock is formed. 

Eocks in which the minerals are in equilibrium with one another ane 
termed equilibrium rocks. Because silicate minerals react with oiie 
another extremely sluggishly, new equilibrium has not always been 
attained under the changed conditions. Such rocks in which equilib¬ 
rium is not complete are disequilibrium rocks. The disequilibrium 
rocks contain relicts of their former state and are therefore more inter¬ 
esting than the equilibrium rocks. Thus they give us evidence not only 
of what they were before metamorphism, but also of the direction in 
which they have been changed. 

M4?tamoi3)hic^rocks have been formed not only from sedimentarjl 
and igneous rocks, as long^rscogniz^, but also from older metamorphici 
rocks. 

Physical-Chemical Factors of Metamohphtsm 

Temperature. Temperature is one of the most powerful factors, 
not the most powerful factor, in causing metamorphism. Rise of tem- 
perature^speeds up chemical reactions; but the much more important 
result of rise of temperature is that some reactions take place at the 
higher temperatures that do not take place at lower temperatures. For, 
e«ery aggregate of minerals a critical temperature must be reached 
before chemical reaction can begin to take place between the minerals, 
and only then can new minerals begin to form. The theoretical ex¬ 
planation is that the atoms that make up the minerals must attain a 
certain amplitude of vibration before they can change places witli 
others. This principle has been established experimentally in the 
laboratory and is of the highest importance in understanding meta- 
morphic phenomena. As a concrete example: one of the commonest 
metamorphic reactions is that in which white mica reacts with chlqrite 
to form the new mineral biotite; but unless the n^iea and f^hlorite are 
subjected to a temperatpgre that exceeds the critical temperature at 
whieh the amplitude of thermal vibration haa become so large that re¬ 
action between the minerals begins, they side by side 

thjraughout geologic time. 

Itoperature is also highly effect^ in, increa^n^ the plasticity of 
miiu^als, thereby ^jnereasing the rocks in which 

they occur. 
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Frtemr«. Tresmte k iiQfKyrtant factof in nietamoriAkm:;^ 

Its alfeets difier greatly wh^h^ it is (all'^sided^ or coofiaiag^ 

pressure) or is ntmu/nifcrm, A uniform pressure is one in. which f})e 
applied force acts equally on all sides of a body. A nonuniform pres*^ 
sure is one in which the applied force is greater or less in one direction 
than the forces applied in the either directions; as a result of this set-up 
there is a differential pressure. As a matter of fact, it is differential * 
pressure developed at high confining pressure that produces most of ^ ; 
notable structures in metamorphic rocks. Most of the effects ascribed 
to pressure in geology are those produced by nonuniform pressure. 



Modt/ied frem 0. M. Leen, 


Fiq. 277. Salt *'glacier,** Iran. The salt, which is being extruded from a plug that baa 
pierced tlirougli an anticline to the surface, flows downhill, like a glacier of ice. 

The behavior of ice illustrates some of the functions of pressure in 
the processes of metamorphism. Ice under ordinary conditions is easily 
broken upon slight impact; it is a highly brittle solid. But ice confined 
in a steel jacket, which is fitted with a piston, can be made to flow 
through an orifice in the jacket by subjecting the piston to heavy pres¬ 
sure. The ice within the steel jacket, because it is under a high confin¬ 
ing pressure, has been caused to flow through the orifice by the differ^- 
tial pressure. Ice thus confined and subjected to a differential pressure 
is no longer brittle but has become plastic, which means that it has be¬ 
come capable of continuous and permanent change of shape without 
breakage. The counterpart in nature of such plastic ice is the flowing 
ice beneath the carapace of brittle ice that envelopes the upper and 
outer portions of a glacier. Similarly rock salt, brittle at ordinary 
sure, becomes plastic under high confining pressure and if subjected to 
differential pressure can be made to flow, as expeiimentally proved. 
This property of rock salt to flow plastically has been confirmed by the 
astounding discovery of salt ‘glaciers” in the rainless regions of Persia. 
Salt plugs (p. 521) have punched their way to the Eartti’s s^face, and, 
being still under pressure, the salt is squeeiied out ^nd flows away like 
a glacier (Fig. 277). The longest of the salt glaciers is 2 miles loag:,^ . 
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t^imestone and tna-tble alfi» have been made to flow plastioally in the 
laboratory^ and Nature hae forced them to do so in an immensely larger 
way^ in the Earth’s crust. Brittle and plastic are relative terms, and 
probably all minerals and rocks if under strong enough confining pres¬ 
sure and if subjected to powerful differential pressure slowly applied, 
would flow by plastic deformation. The plastic deformability of 
erels is greatly increased by temperature, probably doubling for every 
10-degree rise in temperature. 

The forced flowage of minerals and rocks develops enormous shearing 
stress within them. As has long been indicated by the evidence from 
metamorphic rocks, such shearing stress is highly effective in causing 
mineral transformations. This remarkable effect of shearing stress has 
been experimentally proved by Bridgman. By subjecting substances to 
high confining pressure and giving them a sudden twist, thereby devel¬ 
oping a shearing stress, he was able^ cause a large number of chemical 
reactions, without rise of temperature. Shearing stress acted as a sort 
of catalyst, promoting reactions that would not otherwise have taken 
place. Although no geologic reactions were reproduced, it is highly 
probable that .when experiments are undertaken on minerals at higher 
temperatures, or the shearing stress is developed more slowly, or both, 
they will succeed in forming new minerals. 

In many rocks the effect of forced flowage is to crush, mash, or 
pulverize the component minerals, as is so astoundingly shown in mylo- 
nites, described on page 423. In these rocks the minerals were unable to 
flow plastically, possibly because of insufficient confining pressure, too 
rapid application of the deforming forces, or too low temperature, or of 
inadequacy of all these factors Rocks thus deformed are said to have 
been mechanically metamorphosed. 

Some rocks in which the metamorpliism v;as chiefly mechanical nev¬ 
ertheless contain some newly formeci Uil.'»erals, such as white mica 
(serfeite), which can be seen under the microscope to have developed, 
probably as constructive effects of shearing stress. From such incipient 
stages, we can find a complete gradation to rocks that consist entirely 
of newly formed minerals. In the completely reorganised rocks all evi¬ 
dence of the deformation through which they went earlier has been 
obliterated. Transitions of the kind just mentimed support-the idea, 
that many if not most metamorphic rocks hav^yei^ted from shearing 
stress developed by forced flowage. Since internal move¬ 
ment within the rocks can often be metkmoi^ism of this kind 

is called kinetic Tn^tamorphism. As thfe powerful forces is. 

indicated, it is alsa called dynamic and because high 
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tiein{»^ature 4oubtli^ €oope|ritted i& cfiuauig the tbc^ou^ 
iron pf the rocks it is ^also caUed dyni&motherpi^ met&moi^^^blsm. 

If aew minerals are being formed in a rock that is being ineta- 
morphosed, high confining pressure favors the dev^opment of min* 
erals that contain the most matter in the least space; in other words^ 
heavy or dense minerals. High confining pressure thus tends to favor 
the formation of space-saving minerals. Garnet is a notable example 
of such a space-saving mineral. Metamorphic rocks formed under 
great pressure are therefore characterized by their high specific gravity. 

Composition. Composition is the third factor in metamorphism. If' 
the adjustment by metamorphism is complete, rocks of identical com¬ 
position, regardless of their original condition ©r origin, yield identical 
metamorphic products. For example, granite, rhyolite, and arkose, 
rocks that are identical in composition but are greatly different 
appearance and origin, after thorough metamorpbism become entirely 
similar. 

In some kinds of metaraorphism as described on page 422, various 
chemical constituents added from outside sources change the original 
composition of the rock. 

Inasmuch as metamorphic rocks have been formed from igneous, 
sedimentary, and pre-existing metamorphic rocks, they show extraor¬ 
dinary diversity. 

Temperature, pressure, and composition are the three physical-chem¬ 
ical factors that determine the nature of the resulting metamorphic 
rock. It is the geologist's job to determine what geologic processes act¬ 
ing in the Earth's crust have supplied the necessary temperature and 
pressure to produce metamorphism. 

Geologic Factors op Metamobphism 

Thermal Metamorphism. Transformation effected in rocks mainly 
by high temperature under static condition^ is called thermal meta¬ 
morphism. The high temperature can be produced in two ways: by 
intrusion of igneous masses, and by deep burial in the Earth’s crust. 

Contact, or Igneous, Metumorj^hism, The rocks that border an in¬ 
trusive ignepus mass have generally been notably changed from tb^r 
nonpal condition at some distance from the igneous mass. T^iey have 
been changed, or metamorphosed, chiefly by the high temperature to 
which they were subjected by the magma and the hot gases that issued 
from the magma when it solidified. The changes are of course greatert 
adjacent to the igneous mass and fade away outward from the contact;^ 
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liieitee xaetmiorphiem of this fcixkd is termed contcLct metamorphism. To 
fii^aaKise the agent that caused the metamorphifim) the term igMOvs 
n^temorpkmn is often used. An obvious example of ccntaet meta- 
morjpfaism^ probably the most impressive because coming more nearly 
within the ken of ordinary experience, is a coal bed that has been eon-« 
verted into a mass of coke by a sill injected parallel with the coal bed 
just above or below it. Beds of natural coke produced in this way are 
found in Colorado and in other regions where coal-bearing strata have 
been invaded by igneous bodies. 

As an illustration of metamorphic phenomena, contact metamor-^ 
phism is particularly enlightening. In its simpler manifestations we see 
the effect of one factor of metamorphism—^temperature, uncomplicated 
by the effects of other factors Moreover, we can often trace the tran¬ 
sition from the highly metamorphic product at the contact to the 
original unaltered rock distant frdlen the contact. We can therefore 
ascertain which new minerals form at moderate temperatures and 
which at high temperatures, and thus we obtain a scale for measuring 
the intensity of metamorphism. 

Geothermal Metamorphism, Some rocks appear to have been meta^ 
morphosed because they were at one time deeply buried, having be¬ 
come depressed in the crust under a heavy load of overlying rocks. The 
higher temperature brought about by the deep burial has caused new 
minerals and textures to develop, and the heavy pressure due to the 
load favored the production of heavy minerals, such as garnet, which 
is a space-conserving mineral. As the Earth's own heat is the main 
factor here in transforming the rocks, the process is called geothermal 
metamorphism. 

The best-established example of metamorphism of this kind is fur¬ 
nished by the German potassium-salt deposits. These salts were laid 
down in an evaporating arm of the sea in Permian time; they were of 
many kinds and of complex compositions, but they were stable under 
the conditions of moderate temperature that prevailed when the sea 
was evaporating. Later the basin in which they were deposited slwly 
subsided, and they became covered by 20,000 feet of eedimentary beds. 
The temperature of the deeply buried salt beds rose about 200°C. to 
ihe temperature determined by their depth in the.c^st. The original 
assemblage of salts vras no longer in adjustment ,11^ its environment; 
consequently ihe mineral composition of the aalMr t^f.i'earranged, and 
^many new minerals were formed, ^ ' 

Coat is another aubstance peculiarly aenid^ve ta^j^othermal meta^ 
rmrghiem. Its metfmorphic rank (p. 3t0) Iticmses with depth; for 





evisiQr feet of depth its fixed earbcm ccmtept, whihh serves ia 

meSsore its l^nk^ iocresses about 0^6 per ceifi), though this 
sdsaewhat in diffemit coal districts. 

^UStcate rcM;ks are far less sensitive to geethermal metamorphism i^n 
coal and the minerals of the marine salt d^x>sits. Nevertheless, eextain 
formations are believed to have acquired their metamorphus state by 
geothermal metamorphism. In places the bottoms of geosyxiclines have 
become so deeply depressed in the crust by sedimentary loading and 
subsequent crowding together of folded strata (p. 426) that the rocks 
have been raised to high temperature and have become metamorphosed. 

Kinetic Metamorphism. Transformation effected by nonuniform' 
pressure is called kinetic metamorphism. It may be, as already ex¬ 
plained, purely mechanical, causing the crushing of the constituent 
minerals of the rocks without being accompanied by the formation of 
new minerals. More generally, the rock deformation is accompanied 
by or followed by the growth of new minerals, culminating in complete , 
reconstitution of the affected rock. 

Injection Metamorphism. The changes effected in the rocks of a 
contact-metamorphic zone surrounding a batholith emplaced under 
mountain-building pressures are comprised in tlie term injection mcte- 
morphism, 

CONTACT METAMORPHISM 

Every intrusive igneous body—dike, sill, volcanic neck, laccolith, 
stock, and batholith—^is bordered by a zone of baked and hardened 
rocks generally of considerable width. Extrusive rocks, such as lavas, 
however, are able at m*3st to bake only slightly the soils or rocks over 
which they flow. 

The altered state of the rocks surrounding an intrusive igneous mass 
is the result of the growth of minerals that require high temperatures 
to form them. The zone of altered rocks is called the cemtact-meta- 
morphic zone. The intensity of the changes diminishes and fades put 
at some distance from the contact with the intrusive mass; hence the 
zone thus altered is styled the contact-metamorphic awreoU. Aureole, 
meaning '‘halo,” is an apt descriptive term in this connection. 

Dimensions of the Cont^t-Metamorphic Zone. The thickne&d of 
the contact-metamorphic zone depends on several factors: on the size 
of the igneous mass, on how susceptible to metamorphism the rocks 
bordering tlte igneous mass are, and on other conditions. Tb© thickest 
zones surround stocks and batholiths. They may be a mile or jsspre 
thick but are generally much thinner. Adjacent to smaH intrusive. 
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nusaes, Buch aa thin dikes tind sills, the zone ranges from a few inches 
to a few feet. 

The width of the contact-metamorphic zone aronnd an igneous mass 
may vary, lor it is controlled by the form of the igneous mass and by 
the attitude of the surrounding rocks. Thus in Fig. 278, which shows 
an igneous mass (a stock) intrusive into a series of horizontal beds, 
the contact-metamorphic zone as exposed at the Earth’s surface is 



Fiq 278. Stock, intrusive into horisoiital strata and partly barod bv etoeion The 
width of the oontact-inetamorphic Eone (stippled) as measured on the Earth’s surface is 
seen to depend on the dip of the oontart surface the aone is widest at the right, ^hei-e the 
dip of the oontaet surface is least steep. Scale is roughly 3 nulos to the uicli. 


narrowest on the side of the stock where the contact plunges steeply 
downward, and it is widest where the contact surface has the smallest 
inclination. The variable width of the eontact-inctamorphic zone on 
the Earth’s surface is thus purely a geometric effect, for the thickness 
of the zone, which is measured perpendicularly to the contact surface, 
is everywhere the same. On the other hand, the attitude of the beds 
that surround the intrusive mass—^whether they dip toward it or away 
from it—affects the actual thickness of the aureole (Fig. 198, p. 3J90), 
because heat is transmitted more readily parallel to the beds than 
across them, both by conduction and by emanations traveling through 
them. 

Contact Metamorphism of Rocks o| Kinds. The effect 

exerted by an igneous mass on the suiM|P^ depends greatly 
on the nature of those rocks. Pure is slightly affected, 

thou^ near the crptact it is changi^^l^lilo compact rock 

so firmly cemented ifaat it fractures t% |;rmns, instead of around 
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tltem &B* m the unaltered sandfitcme. Shale, huwever, d|ow« nc^Ue 
elfeetis: it is greatly hardened, and near the contaet is eciptyeited'^lto 
a fine-grained rock known as homfeU, which to the ^maided ^ye 
strnngly resembles a black fiint or a fine-grained igneous nock, such as 
basalt. JSxamined microscopically, the hornfela is found ^ be a vMfss 
of newly formed minerals* Some homfelses are dotted With crystals 
of andahcsite, a half inch or more in length, so that t]^ey resei^ble 
porphyries. To form the andaludite crystals there has a not^le 
accretion of certain atoms around centers of crystallizalion, and%ie 
growth of these crystals during metamorphism testifies to the remark¬ 
able migratory power imparted to the atoms by the rise in temperature. 

Pure limestone is strikingly changed through considerable distances 
from the contact. Dull, somber-colored aphanitic limestone is tran£h 
formed to a sparkling snow-white marble visibly crystalline to the 
unaided eye. The heat of the igneous mass has stimulated the minute 
calcite grains of the limestone to grow in size, has driven off the car¬ 
bonaceous pigment, and has thus produced a marble of dazzling white-' 
ness. 

Limestones that contained sandy or clayey impurities show hij^y 
interesting changes. They too were turned into marbles, but these 
marbles carry in addition many newly formed minerals. The minerals 
w'ere formed by chemical reactions that took place between the im¬ 
purities and the calcite (calcium carbonate) of the limestone, reactions 
that can occur only at high temperatures. Thus ’when a limestone 
containing silica as an impurity is heated above 500°C., carbon dioside 
is driven off, just as in ^‘burning” limestone, and the lime and silica 
unite to form the metamorphic mineral wollastonite, a calcium silicate. 
If the limestone contains also dolomite (calcium-magnesium carbonate) 
as an impurity, then pyroxene, which is a silicate containing magnesium 
in addition to calcium, is formed instead of wollastonite. 

The pyroxene thus produced occurs in the inner, hotter portion of 
the contact-metamorphic zone^ whereas a mineral of somewhat similar 
composition but of different crystal form, a white amphibole (tremo- 
lite), is formed in the outer, cooler portion of the zone. Consequently, 
these two minerals, pyroxene and amphibole, are useful as ^'geologic 
thermometers’’ for measuring the temperatures at which metamorphism 
is effected. The pyroxene, requiring for its formation a higher tem¬ 
perature than the amphibole, is said to be a higher^rank metamoiphic 
mineral than the amphibole. 

If the limestone contains other impurities such as clay (which fur¬ 
nishes alumina and iron oxides), garnet and oth^ new minerals are 
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fomed. If the impurities are sufQciently abundant^ the resulting prod¬ 
uct is an aphanitic wlute or cream-colored rock—a calcic homfeU* 

Ooarse-grained igneous rocks, being the products of magmatic solidi¬ 
fication and having therefore been already at high temperatures, are 
generally but little affected by later intrusions. A granite intruded 
by a younger granite remains unaffected. However, volcanic rocks, 
such as basalts, if invaded by plutonic rocks, as has occurred in many 
regions, become drastically metamorphosed. The conditions under 
which volcanic rocks form differ so markedly from those under which 
plutonic rocks form that when volcanic rocks are invaded by plutonic 
rocks far-reaching changes are necessary to adjust them to the new 
environment created by the intrusion. 

The effects produced in a contact-metamorphic 2one are as a rule 
due mainly to the heat given off by the igneous mass. The rocks that 
surround the igneous mass become highly heated, and new minerals 
grow in them by recombination of the elements already present. The 
resulting metamorphic rocks have therefore the same chemical compo¬ 
sition as the rocks from which they were derived. A marble, for ex¬ 
ample, has the same chemical composition as the limestone from whieh 
it was formed. Contact metamorphism of this kind, in wliich the rocks 
remain unchanged in chemical composition, is by far the most com¬ 
mon type of alteration caused by intrusive igneous masses. It produces 
a contact-metamorphic zone that encircles a stock or batholith as a 
continuous belt. As the zones may be a mile or more thick, large vol¬ 
umes of metamorphic rock are formed. Because contact metamorphism 
of this kind is widely prevalent, it is tenned normal contact meta¬ 
morphism. 

Addition of New Substances to the Contact Zone. An igneous 
mass while solidifying may give off gases that carry iron, silicon, boroti, 
and other elements. Changes that differ vastly from those brought 
about by normal contact metamorphism are then produced, especially 
in limestone, because limestone reacts readily with the hot gases trav¬ 
ersing H. Consequently, many new minerals are formed in the Ume- 
stone, as a rule beautifully crystallized. Tbn resulting contact-mota- 
morphic rock differs greatly in composition from the original limestone: 
it has had added to it a large amount of substanfees brought by the 
gases tliat streamed from the magma. Th^e alter their release 
from the magma generally travel by way pf through the sur¬ 

rounding rocks, and the effects they prod^.ar^J^^ized along ihese 
channel ways. Consequently, l^b^d does not 

form a continuous^aureole surrounding the and batholiths, such 
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Ifcs is ohfirraeteristis of xM>!itDSl eoniaOib metasoorphism. As gases set^tres 
from the niiagnia are the means by whieh Hhe substaoces are transf^red 
from the magma to the surroundiiig limestmue and^^eatise the reactions 
in limestone^ <Mmtact metamorphism of this kind is termed pneu* 
matolytic (new-'mat-o-lit'ik). 

If the magmatic gases contain iron, copper, or tungsten in notable 
quantity, valuable ore deposits are formed in the limestones as by¬ 
products of metamorphism of this kind. For example, most of our 
domestic supply of the exceedingly valuable steel-alloy element tung¬ 
sten comes from contact-metamoxphic deposits formed near granite 
contacts. In mining ore deposits that were formed in this way, an 
understanding of the laws of contact metamorphism is of prime im¬ 
portance. 

KINETIC METAMOBPHISM 

Metamorphism has frequently accompanied deformation of the 
Earth^s crust. As a result of folding, slipping takes place between, 
adjacent strata, and frictional drag develops. Under some circum¬ 
stances, this frictional drag, by producing intra-mineral and inter- 
mineral movement within the rocks affected causes metamorphism. 
The qualification '‘under some circumstances”' Is necessary, because 
many strata have been acutely folded but were not thereby meta¬ 
morphosed. It takes more than folding to bring about metamorphism 
in folded strata. 

Rocks adjacent to certain great thrust faults, where the movement 
has not been concentrated along a single surface but was distributed 
along many closely spaced parallel surfaces ( = zones of distributive 
movement), have l>cen greatly metamorphosed. Metamorphism of this 
kind is accompanied by tearing, stretching, and mashing of the original 
elements in the rock, so that, for example, the pebbles of a conglomer¬ 
ate are drawn out into long pencils. As these effects vividly suggest 
that enormously powerful forces have brought about the metamorphic 
changes, this metamorphism is called dynamic metamorphism. The 
term kinetw metamorphism is, however, preferred because it empha¬ 
sizes the fact that the rocks so metamorphosed show evidence of in^r- 
nal movement 

Mylonite. Where great slices of the crust have been shoved over 
the underlying rocks, as in the thrust faults described on page 465, Ae 
rocks near the fault surfaces are likely to show signs of great mechan¬ 
ical disturbance, with or no accompanying foriuation of .new 
minerals. Along some of the great thrust faults the rocks have been 
BO damaged that their original characte,rs are no longer recognisable^ 
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The constituent minerals were mashed^ pulverised, and dragged out; 
as a result a streaky of banded, compact, flinty rock is produced, 
termed mylonite (from the Greek mylon, a mill) ^ expressive of the fact 
that a mylonitized rock has been through the metamoiphic mill. The 
terms “mashing” and “pulverizing” call emphatic attention to the most 
striking feature of mylonitization, namely that an immense number of 
minute grains have been produced at the expense of the original grains 
in the rocks mylonitized. They are somewhat misleading, however, be¬ 
cause the mylonites have not lost their coherence or strength. 

Rocks ranging from those as weak as coal to those as strong as 
granite have been reduced to mylonites. In Fig. 279 is shown a zone 



Fig. 279. Zone of mylonite (2) formed by frictiondl drag as the result of thrusting of 
the granite mass (3) over the underling rocks (1). 

of mylonite, formed along the base of an overthrust mass of granite 
and now exposed by erosion; at the time of thrusting and mylonitization 
the thickness of granite aboi'e the fault surface was doubtless much 
greater than it is now. If the transition from mylonite to undamaged 
granite were not traceable in the field, the origin of the mylonite would 
remain enigmatic, so completely docs the mylonite differ from the 
granite from which it is derived. 

The nature of the resulting mylonite is of course influenced by the 
mineral composition of the original rock. If, for example, a granite 
containing considerable black mica is mylonitized, the mica will be 
smeared out into an immense number of infinitesimal flakelets, all in 
parallel arrangement, and the resulting rock resembles a black slate 
or a phyllite. Phyllite of mylonitic origin is termed phyllite^mylonite, 
or phyllonite, for short. 

A mylonite is the result of intense mechanical deformation: it is the 
finest example of a metamorphic rock formed by purely mechanical 
processes, uncomplicated by the growth of 9 (S#^jKiinerals. However, 
th^ are transitions from such purely deformed rocks 

to those in which some new minerals have dev^c^d, and finally to 
rocks in which all the minerals have bei^ newly formed and all evi¬ 
dence of the milling through which^ !rbck ^ent has disappeared. 


MSTAMOItFHI&U m 

Suc^ tragEiBjtiDiis airport iJi© curr^t tbooi^ that lhany fd^atcs 
the'results of kinetic metamorphism. 

Foliates. In ad4ition to the rocks of cootact'-mejbamorphic origih, 
an immensely larger group of metatOorphic rocks has been formed by 
rock movement generally but not always accompanied by mineral crys- 
tallUation. Most distinctively, these rocks have a structure parallel 
to which they tend to split into flakes, leaves, or thin slabs. This struc¬ 
ture is the result chiefly of the parallel arrangement of platy or lamel¬ 
lar minerals developed during or after the rode movement. It is termed 
foliation (from foUum, a leaf), and rocks that have ihin afnicturf* are 
ioliatRs . 

The most abundant as well as the most effective foliation-producing 
minerals are the micas (muscovite and biotite) and chlorite. These 
minerals normally occur as thin plates and have a perfect cleavage 
parallel to the platy surface. Hence a rock that contains many plates 
of these easily cleavable minerals, all of which are in approximately 
parallel orientation, will readily split parallel to the planes in which * 
they lie. 

A foliate in which the foliation is poorly defined is called a gnetss 
(nice). A foliate in which the foliation is well defined and closely 
spaced is termed a schist (shist; from the Latin schi&tus, that which 
can be split). No sharp boundary divides gneisses and schists, for a 
complete gradation between them exists in nature. 

A well-foliated rock in which the minerals are so fine grained that 
they are no longer recognizable by the unaided eye is termed a phylUte. 
In Hlate, which is still finer grained than phyllite, the foliation caused 
by the parallel arrangement of innumerable minute flakes is so perfect 
that the rock can be split along closely spaced surfaces that are prac¬ 
tically smooth planes. 

Gneisses and schists are collectively known as crystalline schists, a 
holdover term from the time before the microscope was used to study 
rocks. It refers to the fact that gneisses and schists are made up of 
grains visibly crystalline to the unaided eye, in contrast to the phyllito 
and slates whose constitution was unknown. 

Foliates are widely distributed over the Earth, and in some large 
regions they are the only rocks exposed. All of the interior of Alasim, 
for example, is underlain by them. They are w’ell shown in the inner 
gorge of the Grand Canyon of the Colorado, They occur also in the 
cores of many mountain ranges, where they have become exposed by 
deep erosion. 
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BraXONAL MSTAMOBPHISM 

Regions of metainorpfaic rocks, if of uniform metamorphic intensity 
Of if the intensity changes gradually and systematically across the 
region, are said to show regional metamorphiam. The term regional 
metamorphism has the merit of being noncommittal, for it leaves open 
the question whether the temperature required to cause the metatnor- 
phism is the result of igneous influences, such as deep-seated batholithic 
invasion of the crust, or was produced by geothermal temperature, or 
by unknown causes. 

A hypothesis now much in favor holds that regional metamorphism 
is one of the effects that accompanies the folding of a geosynclinal mass 
of sediments. As the result of the folding and crowding together of the 
strata during a mountain-making revolution, a heavy load, greater 
than the strength of the crust can endure, is placed upon a portion of 
the geosyncline, which therefore sinks in response to isostasy. The 
most heavily loaded portion sinks tlie deepest. This portion of the 
geosyncline thus becomes exposed to the heat of the deeper zones of 
the Earth’s crust. Metamnrphism therefore sets in. Subsequently the 
fold mountains bom of the geosyncline (p. 463) arc attacked by ero¬ 
sion, and eventually the roots of the mountains are brought to the 
Earth’s surface in accordance with the principle of iaostasy (p. 18) and 
become accessible to view. Gneisses and high-rank metamorphic rocks 
are seen to have developed in the highly folded, deeply subsided por¬ 
tion of the geosynclinc; laterally they grade gradually into mica 
schists, and still farther outward the schists grade into phyllites and 
slates. Thus the metamorphic tract shows a systematic arrangement 
in belts of differing metamorphic intensity, decreasing laterally out¬ 
ward from the central belt. 

The highly folded rocks in the deeply depressed portion of the geo¬ 
syncline have generally been invaded by great batholiths of granite. 
Differences of interpretation have therefore arisen as to how much of 
the metamorphism was effected by the folding, by the Earth’s own 
beat at great depth, and by the heat of the batbofithic magmas;- The 
attack on these problems is part of the advancing front of geologic 
Science.^ 

Common Varieties of Metamob^Rocks 

Slate. Slate is a minutely grained 't^n^e most distinctive 

feature is its capacity to split oreleave ihtO tbin|parallel sheets. This 
property, the wMl-knowii slaty its acme in rpofing 

^See note on page 436 
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which can be Bplit into ^ctren^ely IMB) ,smoo3i para3lfl ^eete^ 
^down to one tenth of an inch in the moct cleavable slate. Such r4" 
markable cleavage is described as plane-parallel. ' 

Slate is a metamorphic rock of the loweiM^ rank of metsiruorphism^ 
Some indeed—clay slate—is shale cm which merely a slaty cleavage 
has been impressed. Other elate—mica slate—not only has acquired 



Fiq. 280- Slaty cleavage cutting tbe bedding of folded beds. Refraction oi cleavage is 
shown on entering a harder bed (sandstone, indicated by stippling). 


a slaty cleavage, but also has had its mineral comfioBition reorganised 
by the growth of new minerals, most commonly white mica in ultra- 
fine scales. Thus mica slate represents a stage of progressive meta¬ 
morphism one step higher than that of clay slate. 

Slaty Cleavage. The cleavage of folded strata that have been con^ 
verted into slate is parallel to the axial planes of the folds (Figs. 280 
and 281}. As a result the cleavage cuts across the bedding of the slate 
in the arches and troughs of the folds and tends to be parallel to the 
bedding in the limbs of the folds. The closer the' folcte have been 
pressed together the more nearly the cleavage is parallel to the beddinl; 
in the limbs of the folds. 

ThB trend of the cleavage in a slate district maintains a constant 
direction. Unless we use keW discaminatioa, we can easily mistake 
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the cleavage is ^us 

jnf^l^d geol^c stm^iire of t^e area in whl^ the occtcrt Mil 
'baineitoET. 
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Fib. 281^ Slaty deavage cutting across the beds of .ah Byiiclbii^. .J'i0lQava^ 

is parallel to the axial plane d the Byncline, CO*’ froih left to rights,.- 

. ''if'ennesaee. ■■ . 

The pause or the remarkal^^^iane'paia|^f^eaMge of Slate is re-^ 
vealed hy the microscope: by the fact that 

alhtes are largely built jg:p of iimhOQOr^li^ cIo^li^Hspaced tOinute flakes 
dt micgOeous ddher^lff^Oiat are These fldkes, 

ikainly white mlca 'and dhlonte, hi^ aii;^^edt cleaVage parallel to 
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thctir flat eiiufaoefi; and the eleavage the slate is therefore in eseenee 
a summation of the marked eleavage capacity of these innumerable 
parallel flakes. 

Why these minerals have this strict parallel orientation in slate is 
another problem^ which has not yet been solved. Because most slate 
occurs in folded strata and the fossils it happened to contain are de^ 
formed and flattened in the direction of the cleavage^ directed pressure 
was clearly a factor in developing the cleavage. Shale is ike rock 
most commonly transformed into slate. 

Pbyllite. Phyllite is a foliate that is intermediate in rnetamorphic 
rank between slate and schist. That at the low-rank end'of. the ee*- 
quence resembles slate^ but its constituent mica is coarser, which gives 
it a glossy, silky luster. The minerals sandwiched between the mica 
flakes are also somewhat larger than they are in slate, and because 
of this coarser grain size the foliation of a phyllite is sliglitly less closely 
spaced than in slate and approximates smooth planes less closely. 

Some phyllites contain sporadic prominent crystals, such as. garnet. 
These minerals are sure indices of the higher rnetamorphic rank of 
phyllites and clearly distinguish them from slates. Phyllite that is 
near the higher-rank end of the series between slate and schist resem*^ 
bles schist but is finer in texture. 

Schist. Schist is the most abundant member of the great group of 
rnetamorphic rocks called crystalline schists. It is visibly crystalline 
to the unaided eye. Its foliation is thinly spaced, but it hae lost the 
plane-parallel character of the foliation of slate. The far greater grain 
size of the minerals that make up the schist causes the foliatiem sur¬ 
faces to be uneven and more or less wavy. Foliation of this kind is 
called schistosity. 

There are many varieties of schist. They are named according to 
their most distinctive constituent: thus we have mica schist, hornblende 
schist, and chlorite schist, to mention only the more prominent kinds. 

Mica schist is the most abundant kind of schist. Its essential min¬ 
erals are quartz and mica, and the numerous flakes of mica give the 
schist its highly characteristic foliated character. Different varieties 
of mica occur; the most abundant are silvery white muscovite, whxdi 
gives the rock a brilliantly spangled appearance, and the black mica, 
biotite., The micas are irregular flakes, all arranged with their flat 
sides in parallel orientation. The cleavage planes of the micas are 
thus oriented in one plane, which is the plane of the schistosity. This 
parallel arrangement of the micas and their cleavage planes produces 
the well-defined foliation of mica schist. Some mica adiiffhi 4Kmtai|^ 
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MiiSe crystals of ganiet, staurolite, and other mitu^als, tidtich 

^V8 the schists in which'they have grown a texture simulating tiie 
jporphyritic texture of igneous rocks. 

Mica schist is a rock of high mctamo^hic rank. The original ma¬ 
terial from which most mica schists were derived was an argillaceous 
sedimentary rock—a shale of some kind—and the transformation of 
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Fig. 282. Folded gneiaaes and interoalated layers of niarble (brilliantly white). Near 

Stockholm, Sweden. 


the dull, amoiphous substance of the shale to a brilliantly spsuigled 
mica schist is in a w'ay as remarkable as the metamorphosis of a 
chrysalis into a beautiful butterfly. 

Gneiss. Gneiss is an imperfectly foliated rock of granular appear¬ 
ance to the unaided eye. Much gneiss is streaky or banded, because 
it is made up of alternate layers of differing mineral composition. Some 
gneiss that was formed by the metamorphiaoa of^dimentary rocks has 
inherited a remarkably even, regular layering, as shown in 

Fig. 282, 

Gneiss is abundant and includes maiy^^arie^ formed und<ar very 
diverse conditio.. 
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Soufte gsHfit was fonned uDdei? eonditiona of mechanical nietamcl!^ 
phism in which its minerals were maidied or otherwise mechanic^ly 
deformed^ Figure 283 shows a gneiss derived from a granite by kinetic 
metamorphism that has not gone beyond the stage of mechanical de-* 
formation. The granite was subjected to differential heavy pressure; 



Fig. 2S3. Granite gneiss, formed by meohaniral metamorphism. As result of forced 
flowage in the solid state a coarse foliation was imi^resaed on the granite; large orthodase 
crystals had their corners rubbed off and their shapes changed to ovoid and tadpoledike 
forms. ' 

the feldspars were partly crushed, the quartz was ‘‘pulverized,” and 
the biotite was shredded and dragged out into long streamers. The 
result is a granite gneiss of strongly marked characters: it is of streaky, 
banded appearance and has a rude, imperfect foliation. The ultimate 
result of more intense deformation of the kind to which this gneisel was 
subjected is a mylonite, as already described. 

Many gneisses, however, are high*rank metamorphic rocks. They 
are characterized by containing minerals, such as garnet and pyroxene^ 
that were newly formed at high temperatures and pressures. 

Some granite gneisses are called primary gneisseB^ because they toede 
on a foliation while they were still only partly solidified magmas. Jf 
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granite aattgDaa ie loreed4o llpw after tiie biotite has begun to <a^staL- 
Bite ircau it, the flakes of biotite tidce on a uniform e^ntatiom A 
batholiih that beeame emplaced during crustal folding gwerally has 
a. border of primary gneiss whose foliation faithfully follows all the 
s&mosities of the contact. A primary gneiss fomed in ibis way re¬ 
sembles a gneiss of metamorphic origin, but can be distinguished from 
it by field and microscope work. 

Quaruite. Quartsite is eong}osed of quarts '^grains so firmly ce- 
SQ^Dted that when the rock is broken it fractures "tiirough the grains, 
0 ^ around them. Originally the quartzite was a sandstone, but 
it h&s attsined.Hs present state <1) as the result of the filling of the 
pore i^ace of ^ smulstone by quartz deposited from circulating ground 
in4ter, m (2) as tile result of metamorphion. Quartzite formed by tiie 
depomtion of a quaftz eimaent is not regarded as a metamorphic rock, 
however, _ -S'. 

^ Quartzite of mettmori^ic origin is commonly interbedded with gneiss 
and mica schist. The original pore space in the sandstone was elimi¬ 
nated mainly by compaction and rearrangement of the quartz already 
present in the rock. Although quartzite thus f turned is intimately mtet- 
bedded with foliates and has therej^^ been subjected to the same 
metamorphic processes that developed the foliation in the inclomng 
rpeks, it rarel^o shows foliation. ^ 

Que^ite te gi^erally a compact her^pzock of light color—^white, 
gray, iwddiA, or buff—and is commonly ofllitreouE appearance. Such 
vitreous quartzite is the most durable and resistant of all rocks; and 
wherever it occurs in notable thickness it has sti'ohgly influenced the 
development of the topography, forming hills or mountains because of 
its extraendinary resistance to weathering. 

Marble. Marble is the metamorphic equivalent of the sedimentary 
carbonate rocks, limestone and dolomite. During metamorphism the 
minute grains of which the limesteme or dolomite is composed grow in 
size, with the result that the grains become large enough to be seen by 
the unaided eye. The resulting marble is harder and more emsetpact 
through reduction of pore space, and it has purer colors. Some marbles 
take a good polish. Such visibly crystsdline carbonate rocks are, in 
geologic usage, termed marbles. In conuneroial''|]pctiee) bowevra-, any 
caibonate rock that will tdee a pofish is called matible and is given 
a trade name. , ' ', 

Most marble is massive, showing no folMum whm it has been 

objected fio gr^ pressure. As roclm gp,. tlwrbla Is highly plastic and 
therefore flows umleC moderate diff«i^ti$l|aessure. If, feu example, 



uiule#^^er^sl. 
bii^6i 'Was riiptuiedtabd toin aput^'^tod 

-tiie:;di^vei!^.'frajg^nte.' bas ;fl@wed'c^QS/m'?J3ieiB^^ : 

(Fir284)/;-- :;ft 



Fig. 284 . Irregular dike-like Intrudon of wfa^ marble into seditn^tary bi^s. Fraig^: 
mentB of the dissevered beds are floaUng in the marble,. Near Goiivemeiir, New Yijrk.; 


Pure marble is white. The mottlihg, banding, and colors of drnia'^ 
mental varieties are due to impurities: red and yellow tones tb oxidi^ 
of iron, ^ys and blacks to minor amounts of drgame niat^. ; Besidw 
being produced by Imetic metammrjphieni, marble is also filmed by 
contact metamorphism. 

Injection Mbt^obphsm 

Bxiiabrdiha^ effects have bemi produced in the ra^ almiig'1^ b^ 
ders of granitic batholiths intmive into {oliati^y mp^ally mlhe : 
adjacent tbv batholi^s that: were einplaoed imder a 
w^eh eontinued to be adivO; dminii ^ iolidific^^. hi 

the batholltb. -Under such ccmditioas imhi^ie nuihjbii^ of 
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ite silk are injected into Ae adjacent rocks parallel to the foliation of 
these rocks. The granite sills range in thickness from a fraction of an 
inch upward, and in places are so closely spaced that the resulting com¬ 
posite rock consists half of injected granitic material. The injected 
material, by its high temperature and its magmatic gases, produeee 
powerful metamorphic effects on the layers of host rock between 
sills. The resulting rock has a layered appearance and is called an 
injection gneiss. In places, injection gneisses are remarkably folded 
and tortuously convoluted, many of the folds being doubled back on 
themselves. Evidently the whole rock mass was in a highly mobile 
state when this folding took place, and the injection gneisses thus 
formed present to us the most astonishing, well-nigh unbelievable sight 
afforded by any of the rocks of the Earth’s crust* 

Injection gneisses were formed on an impressive scale during the 
emplacement of the Coast-Rang^’ batholith of British Columbia and 
Alaska. The powerful metamorphic effects of this mighty batholith 
extend in places as much as 35 miles from its border. The gradual 
waning in metamorphic power outward from the batholith is shown 
in diagrammatic perfection in many of the fiords that comprise the 
waterways of that region. Adjacent to the batholith are injection 
gneisses, which, as the distance from its border increases, grade into 
mica schist, then into phyllite, and finally into slate—^the whole en¬ 
semble an imposing illustration of progressive metamorphisin. 

POLYMBTAMORPHISM 

Rocks once metamorphosed may later be subjected to a second meta- 
morphism that differs from the first. In some regions, notably the 
Alps, the rocks, in fact, have undergone three or more metamorphisms 
According to conditions, the new changes impressed on the rocks may 
either advance the metamorphic rank or they may reduce the rank. 
Such superposed, repeated metamorphisms produce polymetamorphio 
rocks. If the effects of the superposed metamorphism have not been 
too severe, index minerals of the earlier metamorphism—^relicts—can 
be found even in rock that has been twice ot three times metamor¬ 
phosed, and the successive chapters in its met«®ftnrphic history can be 
deciphered. 

A notable form of polymetamorphism i$ rotrogri^ve metamorphism, 
which is impoWant in interpreting th¥ history of many 

regions. 
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R6trogfltt9tve Mfttamorphtsmu Metamorphic tocks^ su^ B8 
baginiu&g with alate Aiid coD^rising phyllite^ mica s^^st, 
garnet gneiss^ represent stages in progressive metamorphism. All ihi^ 
rocks are of identical chemical composition! but they differ greatly & 
mineral composition and physical appearance^ Each succeeding roek 
in the series is the product of higher-rank metamorphism than the one 
that precedes it, the rise in rank being chiefly the result of adjustment 
to conditions of progressively higher temperature. 

A rock adjusted to the condition of highest metamorphic intensity 
may at some later time, however, be shifted into a new geologic en¬ 
vironment, in which the conditions of stability are those of low-rank 
metamorphic intensity. A garnet gneiss, for example, may be reduced 
to a phyllite along the base of a great overthrust bk)ck of the Earth^B 
crust. Outwardly the resulting phyllite resembles a phyllite formed 
by progressive metamorphism, but internally, as revealed by the micro¬ 
scope, it still retains evidence that it was formerly a high-rank rock. 
In short, the high-rank garnet gneiss has retrograded to the low-rank 
phyllite. By such retrogressive metamorphism many varieties of meta¬ 
morphic rocks have been formed from other metamorphic rocks. By 
this process the already astonishing diversity of raetamon^hic rocks 
has been greatly increased. 

The concept of retrogressive inetamorphism was first formulated to 
account for certain metamorphic phenomena seen in the Alps. In gen¬ 
eral, high-rank metamorphic rocks are formed deep within the crust, 
whereas low-rank rocks are formed in the upper levels. In places in 
the Alps, however, high-rank rocks were found to overlie low-rank 
rocks and apparently to grade downward into the underlying low-rank 
rocks. This anomaly was cleared up by finding that the high-rank 
rocks had been shoved over the underlying rocks along a great thrust 
fault. The high-rank rocks in the zone imniediately above the fault 
surface had been transformed into low-rank rocks, so that outwardly 
they resemble the low-rank rocks below the fault surface. Thus the 
high-rank rocks seemed to grade downward into low-rank rocks, con¬ 
trary to the normal relationship. Mere imloading of a region by 
erosion does not cause the high-rank rocks to be reduced to low-rank 
rocks. So far as now known, the pow'erful trigger action of distributed 
movement induced in rocks being moved along a thrust zone deep in 
the crust is necessary to bring about retrogressive metamorphism. 

Many schists and phyllites in the Alps, the Appalachians, and else^ 
where formerly thought to be of normal origin, that is, the results of 
progressive metamorphism, are in reality the products of retrogressive 
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Bsetamorphism. This new concept, namely that high-rank metamor- 
phlc rocks can be reduced to a low-rank state if subjected to the con¬ 
ditions that develop low-rank rocks, is, as we can now see, a logical 
extension of the fundamental principle of metamorphism that rocks 
tend to adjust themselves to their environment. 
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ItFote for page 420 : In the cores of some mountain chains exppsed by erosion, for 
example the northern portion of the Inyo Range, California, large volumps of rock 
resembling granite have been formed by replacement of sedimentary rocks. This proc¬ 
ess whereby Tocks have been oonvej'ted in the solid state by replacement into granitic- 
looking rocks is vailed granitiaation. Viewed in the large, the rocks of the Inyo Range 
look like a bedded formation, but on nearer Inspection it is seen that they resemble 

g ranite, and that the bedded structure is an Inheritance from their spdlineiitary origin. 

ranltixed rocks constitute a wide aureole around an Intrusive granite batholith, which 
is therefore regarded as having been the source of emanations, gaseous nr liquid, which 
brought In large quantities of material to transform the solid rocks Into *‘graiilte'* and 
concurrently removed material not required. 

In mountain chains more deeply eroded than the Inyo Range, graiiitisatlon Is sup- 

{ »osed by many present investigators to have transform^ the rocks completely, regafd- 
esB of their original composition, into granite masses. Thus these Investigators ac- 
count for the great granite bathollths so generally present in the cores of fold moun¬ 
tains (p. 471) The emanations that brought about these radical changes are sup¬ 
posed to have come '*from below.*’ These remarkable ideas need more ^nfirpiatory 
evidence bt^fore they can be wholly accepted. 

In some regions Injection gneiss (p. 4S4), resulting from reaction of the injected 
magma on the inclosing layers (or septa), has Itecome a new rock type called mlgmatlte 
(from the Greek word for mixture). If the reaction has been Intense, the distinction 
between the material that was injected and the Intervening septa of older rock becomes 
blurred out, and the resulting rock resembles a homogeneous granite; mlgmatisatlon 
is said to grade Into granltlzatlon. 



Chaptsb 18 

THE EARTH’S INTERIOR 

The materials aod conditions that exist at great depths below the 
Earth’s surface can never be known by direct observation. Opening 
in the crust, such as mines and deep wells, are extremely superficial in 
comparison with the 4000-inile radius .of the globe. We infer that some 
of the rocks now exposed in the cores of old mountains were at depths of 
several miles before erosion laid them bare; but even so they were 
always a part of the “outer shell.” If it were possible to make and 
maintain an opening to the center of the Earth, or to look down with 
a sort of super X-ray, what would be revealed? Does the composition 
of material change radically with depth, so that a large part of the 
interior hem's little or no resemblance to the superficial rocks? What 
is the temperature at various levels? Is any large part of the interior 
in a fluid condition? How do the materials at great depths behave 
under the enormous overburden? These are profound questions. They 
are not prompted by idle curiosity merely; they represent the goal of 
scientific investigations whose attainment might make clear many of 
the phenomena seen at the Earth’s surface. 

Whenever direct evidence is not available, science turns to the in¬ 
direct and circumstantial. It is possible, with aid of this sort, to draw 
certain inferences that are sound; but if we seek to advance farther into 
the unknown we must be content with hypothesis and speculation 
(Chap. 2). Some suggestions can be accepted as probabilities, with the 
understanding that they may be found wanting after further investiga¬ 
tion. It is well, at the outset, to state clearly the actual basis of fact 
and to outline the methods for attacking the problem. In this way w$ 
shall avoid misconceptions and be able to evaluate each suggestion on 
its merits. 

Basic Data awd Methods 

Size and Shape of the Earth. The science of geodesy, which is con¬ 
cerned with exact measurement and mapping of the Earth’s surface, has 
determined with precision the dimensions and the fonn of the ^ohe. 
This information, obtained by great labor through co-operation t)f 

437 
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Bemtists m many countries^ is of fandam^tal importance in problems 
relating to the Earth as a whole. It is known that the equatorial radius 
is 3963.4 miles (6378 kilometers)^ whereas the radius measured along 
polar axis is only 3950 miles (6357 kilometers). Since the differ¬ 
ence, 13.4 miles, is about ^97 of the equatorial radius, it is stated that 
the ellipUcity of the Earth is ^ 97 . This departure of the globe from 
the form of a true sphere is a response to rotation. Important infer¬ 
ences are drawn from this known distortion of the Earth, considered 
with relation to other facts. 

Gravity and Density. By precise physical experiments we deter¬ 
mine the constant 0 / gravitatvon. The result gives a basis for calcu¬ 
lating the total weight of the Earth; and, since its size also is known, 
it is a simple matter to compute the average density. Jhis value, ar¬ 
rived at by many exnerimenters. isJi S2: that is, an average sample o f 
the Earth weighs about fiye and a half times as much as a i eq ual 
^lume^ f water.” , ^ “ 

nCirect determinations of density of all rocks known to occur at the 
Earth’s surface give an average value of 2 7. As this is less than half 
the density of the whole Earth, the interior must consist of much heav¬ 
ier material than the outer part. Other inferences are discussed in a- 
later paragraph. 

' Relation between Density and Form. In detail, the surface of the 
Earth is highly irregular. Continental masses stand Tvell above deep- 
sea flora's; plateaus, mountains, and deep troughs make irregularities of 
smaller order (p. 5). On a small globe made to true scale these sur¬ 
face features appear insignificant; but in actual dimensions some of 
them are large, and from a human viewpoint the irregularity is of the 
utmost importance since without it the sea would be worldwide . 

^ Theoretically th^surface of the Earth would be level if the material 
below the surface were uniform in character. In reality we know that 
the rocks exposed to observation differ considerably in composition 
and in density. Basalt and other dark-colored igneous rocks are 
notably heavier than granite. By geologic investigation and by highly 
technical instrumental determinations a strong t^rohability has been 
established that the rocks underlying the deep sea are in general denser 
than those composing the continental menses j[01iap. 2). Moreover it 
is concluded from careful geodetic study that the j^at mountain ranges 
of the Earth are composed of and underlain t^liiSj^ial that is slightly 
deficient in density compared with the as a' %hole. These facts 
suggest that thcR larger surface irrogulaii^es are-not haphazard, but 
have a fundamental cause; that large in surface elevation 


THE EARTH^I interior m 

are directfy related *to differences in the density of the ’underlying iocks« 
Important inferences based^on this relationship are discussed in Chan* 
ter2. 

Behavior toward the Moon and tiic Stiiu The Moon and the Sun- 
exert a constant pull on the Earth, and yielding of the sea water to thfa 
pull gives rise to the tides. By careful and ingenious experiments it has 
been determined that the body of the Earth also responds to the tidal 
forcOi but the yielding is very minute—about what would be expected 
if the Earth were composed of tbte strongest steel. 

Another effect is produced by solar and lunar attraction on the equa¬ 
torial bulge of the Earth, causing the globe to wabble slowly as it 
spins. Consequently the north pole of the heavens shifts slowly from 
year to year. This effect, called precession, is known precisely, and the 
forces involved can be calculated closely. The use of this iniormation 
is discussed below. \ 

Response of the Earth to Seismic Waves. The most reliable in¬ 
formation about the Earth’s interior is furnished by study of eartli- , 
quake waves (p. 407). Vibrations that are transmitted through the 
body of the Earth and recorded by seismographs at varying distances 
from an earthquake focus reveal the elastic properties at different 
depths. This is a most promising field of study, and undoubtedly many 
important revelations will be made through continued researches in 
seismology. At present the most significant facts resulting from the 
study are tKe following: 

(1) The long waves, which move around the Earth in the rocks di¬ 
rectly beneath the surface (p. 407), travel a higher speed through the 
deep-sea floors than through the continental masses. For example, a 
seismographic record received in Japan of an earthquake in California 
shows a higher speed for the long waves than a record of the same shock 
received in New York. We conclude that granite, the predominant 
kind of rock in the continental masses, does not form the deep-sea 
flooTb.^ This conclusion is also reached independently from geologic 
evidence, which suggests strongly that basalt and similar dark, heavy 
rocks predominate under the deep seas (p. 14). 

(2) Both the primary and the secondary waves traveling through the 
Earth {p- 407) increase in speed with increasing depth of the path, doira 
to a depth of about 1800 miles (2900 kilonffifiters). Thus, in Fig. 286, 
the primary and secondary waves that reach station c travel tqore 

1 The kind of evidwice suggests that the floors of the Atlantic and 
oceans diff^^ somewhat from each other in composttion4 
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rapidly than those received at b, which in tuna move at a higher average 
speed than ^ose that emerge at a. The rate of increase is shown in the 
fonowing partial table. 


Distance of Recmving 

Velocity, in Miles per Seccmd 

Eniftliim irOni HiftTbUlillBiKC 

Focus, in Degrees 

Primary Wave Secondary Wave 

30“ (0, Fig. 285) 

5.4 

3.0 

60° (5, Fig. 285) 

6.8 

3.7 

90° (e. Fig. 285) 

7.9 

4.3 


An important cause of the higher wave velocities at greater depth is 
compression by gravity, which increases the rigidity and consequently 



0 * 


Fig. 285. Section thTOugh the Earth, to illuatrate behavior of earthquake waves, 
nriitiiiating beneath o. Stations between o aud d, and between o and d'* reoeive a nom- 
plete record. At stations beyond d and d' (as e, /, s', Z'), record of the secondary wave is 
misEons or at best very faint. The primary wave is refracted in its passage to these sta¬ 
tions, as shown {one, olf, ome\ okf) ; as a result, a sone beyond d and another beyond d' 
idf end d*r) receive no record of any through-waves. Long waves, moving around the 
circumference in both directions from o, reach all stations. 

the elasticity of the material, It is highly significant that the sec¬ 
ondary, or transverse, waves are transmitted freely. Waves of this 
nature move only through rigid substances. Therefore modem seis¬ 
mology has disproved the old concept that below ;^' 00 mparatively thin 
crust the body of the Earth consists of hot Ikjfiiiit: 

The statement that the velocities of prh|^fy aiwl secondary waves 
increase continually downward i^uires impdf^nt modification, 
on the basis of a r^nt discovery by 'Xi a depth of about 
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50 <80 kilometers) below the Earth’s eurfaee the velo0itio& ol 

these waves fall off noticeably, and the slower rittes of travel hold to « 
depth of nearly 100 miles (150 kiiometers)^ where the increase ha 
velocities is resumed. Thus a zone about 45 miles <70 kilomet^s) 
thick, with its upper limit 50 rtnles beneath us, has distinctive proper* 
ties. Possibly the rock in this zone is near the melting temperature 
under the pressures at that depth, and as a result the elastic properties 
of the rock are affected. If this is the correct explanation, the zone may 
be of great importance in the mechanism for maintaining isostatic 
equilibrium of the crust (p. 18) and in connection with igneous activity. 

.(3), Bnlow a de i,th of ab out 1800 mile s (2900 kilometers) t he be- 
havior of the elastic wa ves changes abruptly; the speed o f the primary 
wave drops from 8 miles to about 5 miles per second, and the secondary 
W’ave either disappears or becomes very faint. Furthermore the pri* 
niary wave penetrating to greater depth is refracted or bent, just as a 
ray of light is bent in passing from air into water (Fig. 285). As evi¬ 
dence of these changes in the seismic waves, stations located farther 
than 104 degrees from the epicenter of au earthquake get at best only 
a very weak record of secondary vibrations; and in a belt of consider¬ 
able width directly beyond the 104-degree limit the primary wave is 
lost, owing to refraction (Fig, 285); this belt is known to seismologists 
as the “shadow zone.*’ It is evident, therefore, that the Earth has a 
core, with a radius of more than 2100 miles (3400 kilometers) which 
differs radically in chemical composition or in physical condition, or in 
both respects, from the thick shell that surrounds it. 

(4) There is strong evidence also that the thick shell itself is divided 
into two major parts. Although the velocity of the waves continues 
to increase down to 1800 miles, at a depth of about 600 miles (1000 
kilometers) the rate of increase abruptly falls off. It is probable, there¬ 
fore, that the kind of material below the 600-mile level is different from 


that above. , , . . 

(5) The central core and the change at a depth of 600 miles are de- 

tected by records of earthquakes at a great distance. “Near earth¬ 
quakes"—that is, shocks that occur within a few hundred nsul® of » 
recording station-fumish important information about ^ shallow 
zones of the earth. In addition to the ordinary primary and ewondwy 
tremors, the record of a near earthquake usually shows an additiomU 
set of preliminary waves that have been refracted from a deei»r zone of 
UKber density (Fig. 286). In this evidence there jb a deanite indioatwm 
thk the rocks with which we are familiar at the surface fom a c^- 
paratively thin layer, restmg on rock of a distmctly heavier type. Ac- 
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flor^g to Aome calculations this layer is less than 10 miles thick; but 
values that have been obtained range up to 35 or 40 miles. These fig¬ 
ures are not necessarily ccmtradictory, since the layer probably varies 
conriderably in thickness from place to place.^ 

Temperatures in the Earth. Volcanoes and hot springs indicate 
hi^ temperatures at depth locally, and direct measurements in deep 
mines and wells suggest a universal increase in temperature downward. 
The rate of this increase varies between wide limits. In some places iti 
is as high as 1°F. in 30 feet; in other places, as in the deep gold minesl 



Fio. 286. Explanation of the evidence indicating an outer shell (A) resting on a lone 
of denser rock {B ). Waves radiating out from a shallow earthiiuake focus if) follow the 
paths, 1, 2, 3, 4, 5, 6, etc., and reach recording stations. Station d receives the ordinary 
F and S waves over route 4, and also a second pair of preliminary tremors over route 5; 
this pair has been refracted down into a denser sone and refracted up again os shown. 

Beoords from several stations near d, some closer to and others farther away, give 
a basis for estimating the thickness of the shell A. 

Vertical scale greatly exaggerated, 

of the Transvaal, South Africa, it is only 1°F. in 250 feet. The avert 
age for all observations is about 1°F. in 60 feet. At a depth of slightly 
more than 16,000 feet in a well drilled for oil in California, the meas¬ 
ured temperature was 400°F. 

The determination in recent years that all known rocks contain ap¬ 
preciable amounts of the radioactive elements uranium and thorium 
is of great importance (p. 26). It appears certain that these materials 
are not present in considerable quantities below a comparatively shal¬ 
low nuter zone of the Earth. Radioactive substances break dowSt at a 
constant rate, and the disintegration liberates heat, Since ro^ con¬ 
duct heat away at an extremely slow rate, it can be calculated '&at the 
presence of uranium or thorium in minute traces, even at moderate 
depths, would result in permanent fusion. GrMites contain higher 
percentages of radioactive substances than known rocks, and 

1 Some records nf near earthquakes suggest a sepond thlu^yer, of intssinediate 
density. Fossildy fome of the calculations for tUricneSS the two layers as 
one; but further evince is required to estalAisV'^ exi^tiea€e of the intermediate 
layer. 
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lieaee,it is thfti'pramtes, which are the predotuinaat rooks in 

continental nttsses, are limited to shallow dep&. 

Behavior of Rocks under Pressure, ^hee ordinary rocks are 
brittle, they fracture and crush under high pressures in the laboratoi;^ 
unless special precautions are taken. When a rock speeimmi is ctm- 
fined on all sides and subjected to strong compression, equal in aU 
directions, its size decreases slightly; in oth® words rock is s ome w tart* 



Fid. 287. Result of ei laboratory test by D. T. Griggs. The cylinder, made of fine- 
grained limeatone, imiially had the dimciuBiona shown at left. It was placed in a specially 
constructed press, and pressure up to 185,000 pounds per square inch was applied at tlus 
ends of the cylinder, while liquid around the sides of the test piece maintained a uniform 
confining pressure of 150,000 pounds per square inch. The cylinder was shortened and 
thickened by plastic flow, to the dimensions shown at right. Scale has 1-inidi divisions. 

compressible. On release of the pressure the specimen tends to recover 
its original size, by elastic expansion. 

A limestone cylinder placed in a specially constructed hydraulic 
press, and subjected to pressure that is great on all sides but strongest 
at the ends, changes its form by growing shorter and thicker. Up to a 
certain value of pressure, known as the elastic limit of the rock for the 
given conditions, the specimen will regain its original dimensions when 
the pressure is removed. But if, when the elastic limit is reached, the 
pressure on the ends of the cylinder is increased apd the experiment 
continued for some time, the shortening and thickening become perma¬ 
nent (Fig. 287). Testing and microscopic examination of the deformed 
cylinder reveals no loss of strength and no fracturing; under the unbal¬ 
anced pressure tiie rock has flowed slowly. Weak materials such as 
beeswax can be molded easily with tiiie hand; these are known as plmtic 
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jt^setanees. Strong rook also is plastic undor sufficiently intense oon- 
fimng pressure. 

Since rocks deep in the Earth are confined under hi^ pressure^ there 
is litUe doubt that under certain conditions these rocks are deformed byj 
plastic flow. The depth necessary for this kind of deformation should 
be greater ior strong rocks like granite than for weak rocks such aJ 
mudstone. For any kind of rock the ease of plastic flow increases wit| 
rising temperature; thus the effect of heat is to lower the strength 
rocks (p. 414). 

Infebbnce and Hypothesis 

Constitution of the Earth. The outer part of the Earth consists of 
material much lighter than the average of the Earth as a whole (p. 
438). Based on this fact alone, however, several assumptions might be 
made as to the arrangement of ligM> and heavy substances between the 
surface and the center. For example, one theory might be that light 
rocks, like granite, form a shell a few miles or tens of miles thick, and 
that below this shell the Earth is composed of heavy substance with a 
uniform density of approximately 6 . Again it might be assumed that 
from the outer zone of low density there is a gradual and progressive 
increase to a density of 9 or 10 at the center. By either of these ar- 
Tangements the average density of 5.52 could result. Besides these two 
suggestions a number of other assumptions as to distribution of density 
might be made, all of them consistent with the known average density. 

Fortunately there are other checks to guide us in attacking the prob¬ 
lem. Any assumed distribution of the density must harmonize with the 
mathematical and mechanical knowledge to which reference has been 
made above (pp. 437-444) and also with the evidence from seismol¬ 
ogy, The small degree of flattening at the poles of the Earth suggests 
convincingly that a large percentage of the mass is concentrated in the 
central portion; it is calculated that if the outer part had nearly the 
average density, 5.52, the centrifugal force would produce an ellipticity 
much greater than H 97 . Moreover, if the density were uniformly dis¬ 
tributed the equatorial bulge would contain so much mass that the pre- 
cessional effect, from solar and lunar attraction, would be much larger 
than it is. These considerations therefore favor the inference that 
density increases slowly downwai^ in the Eac^>%lid that the central 
core is composed of exceptionally heavy 

Once this pomt is reached in the inquh^, problem presents 

itself. Is the incase in density toward the of the Earth due 

wholly to eompreSbion under enormoiis wei^bti or is there a concentra- 
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tion, towftM tbfe center, of metals that normally are heavy? Borne 
dents of the problem have argued that compression of ordiimTy lOcSk 
material is a sufficient explanation. At a depth of 1 mile each Squai^ 
foot of rock bears a weight of 450 tons; and with each additional mile 
the pressure is increased by more than this amount^ as the material 
grows progressively denser. Near the center, pressure amount to more 
than. 2 million tons per square foot. Without question such intense 
pressure has an effect in compressing the mata'ial. Since pressures that 
are possible in laboratory experiments do not approach pressures that 
obtain near the center of the Earth, we can not state positively how 
much compression can result. However, from various lines of evidence 
and reasoning it appears unlikely that ordinary rocks can be com-» 
pressed sufficiently to give the high average density that the Earth 
possesses. Especially significant is the abrupt drop, at a depth of 600 
miles, in the rate at which the speed of earthquake waves increases 
downward (p. 441). If the entire Earth were made of ordinary rock, 
the speed of transmission of such waves should increase with depth at 
a nearly uniform rate, as long as the material remains rigid. Seismic 
waves testify that the Earth is rigid to a depth of at least 1800 miles, 
and therefore the material between the 600- and 1800-mile levels can 
not be ordinary rock. Hence it is logical to infer also that tlie more 
pronounced break indicated by seismic evidence at a depth of 1800 
miles represents an abrupt change in composition. Therefore most 
scientists favor the view that the core of the Earth is metallic. 

Which of the metals is most likely to exist in such abundance in the 
Earth? The most satisfactory answer to this question comes from con¬ 
sideration of the material that reaches us from outer space. The ma¬ 
jority of known meteorites are composed of iron and nickel, and the 
others consist of dark-colored, heavy rock. Accordingly it is commonly 
inferred that the central core, more than 2100 miles in radius and there¬ 
fore occupying more than % the volume of the Earth, is composed 
chiefly of nickel-iron with an average density of about 8, probably 
made even higher under the compression to which the core is subject 
(Fig. 288). 

'^Emphasis has been placed on meteorites as samples of cosmic mst** 
berial and probably representative of our planet. The thoughtful 
student will sense an apparent discrepancy in the fact that the majority 
of known meteorites are metallic, whereas metals do not appear to 
dominate the composition of the Earth, Astronomers have learned^ 
however, from spectroscopic study of meteors as they flame In ihe dfey, 
that a preponderance of this foreign material coming into our 
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pbcsra cottsistfl of Qonmum elementa contBuied m our dark igneous 
rods. Aetually, therefore, stony material in tlwse bodies is loore 
alMindant than metals. Metallic meteorites found at the Earth’s sur¬ 
face are in the majority because they are more distinctive than stony 
m^eoiites, which resemble some of our mundane rooks. Moreover ^e 
minerals in stony meteorites decompose rather easily, whereas the 
luoled-iron bodies are more resistant to weathering. Thus there is no 
real discrepancy between the supposed composition of the Eartii and 
the average composition of meteorites. 



Fig, 288. The principal soneH of the Earth and their inferred eomposition. Thickness 
of the outer shell is shown to exaggerated scale. 


The sum of evidence indicates convincingly that the Earth has a 
“density stratification/’ with the heaviest material near the center and 
the lightest near the surface. This arrangement is one of the strongest 
reasons for believing that the Earth passed through a molten stage in 
the early part of its history. During this stage, gravity caused most of 
the heavy metal to settle toward the center, and progressively lighter 
substances formed spherical shells between the core and the surface. A 
useful analogy is furnished by a smelter furnace in which metals are 
extracted from ore. When a large mass of ore is smelted the metal 
settles to the bottom of the container; directly above is a layer of 
sulfides and oxides which, although they are heavy, are distinctly 
lighter than the metal; and at the top is slag mdide pf the molten rock. 
By reasoning from analogy, it is inferred that shell, 1200 miles 
thick, extending downward from a depth of 600>i^tlai to the metallic 
e o^is composed of sulphides and oxides with aH average density of 
SMjKg, 288). This inference finds supportlp tht presence of sulphides 
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ai^doxidi^ w common c<mdtitii€Dte of meteorites, md it expkins sa&a^ 
iaotorily the decliim in the rate of increase of seifflooic-wave velocities 
below the 600*imle level. 

The seismologic evidence suggests that rock ext^ds continuously 
from the surface to a depth of 600 miles. Probably the greater part of 
this thick shell condsts of dark-colored rock of a type rarely seen at the 
surface; its density is 4 or slightly less. Above this zone is a layef^^ a 
few tens of nules thick, composed of the familiar rock types; ^blnro 
at the bottom of the shell grades upward through diorite into the granite 
that forms the continental masses. 

Figure 288 shows diagrammatically this inferred constitution of the 
Earth. Probably the shells grade into each other and so are not de¬ 
limited as sharply as the drawing suggests. It should be kept in mind 
that the entire concept is a hypothesis, no part of which is subject to 
direct proof at present; it is merely an attempt to give a picture that 
is consistent with all known facts. However, the array of facts is 
becoming formidable, and therefore the hypothesis is infinitely more 
valuable than the uncontrolled guesses of the last century. 

Temperatures at Depth. The average change in temperature in the 
Earth for a given unit distance is known as the geothermal gradient 
If the gradient determined in mines and boreholes should continue 
downward unchanged, the temperature at the center would exceed 
35O,O0O°F.; but for several reasons the average rate of change in the 
shallow zone can not be used with confidence for great depths The 
length of the deepest opening used in estimating the gradient is about 
^300 the Earth’s radius; and the value obtained for this thin skin 
can not be accepted wdth any confidence for the whole body. Reeks 
such as granite are extremely poor conductors of heat. Therefore if the 
temperature at a depth of several miles should be high, say 1000°C., 
heat would flow out very slowly, and the change in temperature for 
each 100 feet would be considerable. It is altogether likely that the 
heat conductivity improves with depth, both because compression of 
the rocks increases and because metallic substances, which are notably 
good conductors, probably grow more important in the deeper zones. 
Therefore the gradient in the shallow zone probably is much larger than 
for any other part of the globe and can not be used to calculate the 
temperatures at great depth. 

It is probable also that much of the heat conducted to the Earth’s 
surface and lost by radiation does not come from great depth, but is 
generated tn a shallow zone. The distribution in all known rod^ of 
uranium and other radioactive eli^ents has been mentioned (p. 
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These elements disintegrate slowly but eontinuously, with evolution of 
beat. The possible significance of this process in connection with ig¬ 
neous activity has beeu'discussed (Chap. 14). 

Whatever may be the true value for the average temperature gra-^ 
dient^ many lines of evidence suggest that temperatures in the interior 
are hi^. Prdbably they are above the melting points for the materials 
under surface conditions; but, since the earthquake waves testify that 
no considerable part of the globe is molten in the outer 1800 miles of 
its radius, it is certain that heat is not great enough in this portion to 
cause general liquefaction under the great pressures that prevail. 
However, at depths of a few tens of miles the temperatures may be so 
high that the rocks have very little strength. Even though high pres¬ 
sures maintain the rigidity that is indicated by fast-moving earthquake 
waves, rock that is '^potentially liquid” from high temperature would 
flow under long-continued stresses. This concept is of great importance 
in considering the adjustments of the crust under heavy loads (pp. 
17-19). 

There are still differences of opinion concerning the physical con¬ 
dition of the central core. Thus far no undoubted record of secondary 
waves has been detected at stations situated more than 104 degrees 
from an earthquake focus (that is, at stations beyond d and d', Fig. 
285); this evidence from seismograms suggests a fluid central core, 
since the transverse elastic waves are transmitted only through rigid 
material. Many seismologists accept the evidence as conclusive, and 
speak confidently of a fluid core, more than 4000 miles in diameter. 
However, other students have suggested that the secondary waves, 
which are of longer period than the primary, are almost totally reflected 
within the central core and so are almost or entirely missing in records 
at the antipodes. In any case, a positive determination that the central 
core is or is not rigid must await further study. 

Relation to Surface Features. The nature and behavior of ma¬ 
terials inside the Earth concern us chiefly in connection with our search 
for the explanation of major phenomena at the Earth’s surface. In 
particular, the great folds and faults that characieiize mountaiil belts 
appear to reflect activities in the invisible interior of the Earth. Re¬ 
peatedly in geologic history the Earth^s crust has been buckled and 
riven by mountain-making forces, and the deformed rocks have been 
forced up in the building of mighty chair^;jmth as the Alps, the 
Himalayas, and the Andes. What is origiu oiC^ese forces, and how 
have they acted in fashioning the great rdfief fea^^s of the globe? 
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Any afteoipt to answer these diffietilt qtiestions must start wKh 
ttd^ratiim of the evidence furnished by tte mountidn belts tiiemselyes. 
This evidmce is discussed in Chapter 19, 
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THE ORIGIN AND HISTORY OF MOUNTAINS 

Mountains are of great importance in geology, since they funiish a 
large part of the information on which the science is based. Dynamic 
processes, such as stream erosion and glaciation, arc especially vigorous, 
and their effects are strikingly evident, in high ranges. The elevation 
of rock masses to great heights has resulted in dissection to unusual 
depths; consequently a mountain re^on affords excellent opportunity 
for descriptive study of rock formations and for deciphering the history 
they record. But although mountains give aid in solving many prob¬ 
lems relating to the Earth, they also present mysteries in themselves. 
Why have sea floors of remote periods become the lofty highlands of 
today? What generates the enormous forces that bend, break, and 
mash the rocks in mountain zones? These and other questions on 
mountain genesis still await satisfactory answers; but the architectural 
features of great ranges at least offer hints as to their origin and are in 
themselves fascinating subjects of study. 

Mountain Units 

An isolated high land mass that rises above comparatively low sur¬ 
roundings is described simply as a mountain. Examples are Stone 
IMountain in Georgia, Mount Monadnock in New Hampshire, and 
Mount Etna in Sicily. No arbitrary lower limit is set to the height of 
features that are called mountains; in a low plains country the term is 
applied by the inhabitants to steep hills only 300 or 400 feet high, 
whereas in the Rocky Mountain region and in other rugged districts 
some relief features 2000 feet or more in height are known locally as 
hills or buttes. Thus there is some vagueness in the definition; but an 
essential characteristic of mountains, aside from f^eat height, is com¬ 
paratively limited width at the top. Near the moutii of the Grand 
Canyon, in northwestern Arizona, an observer looking eastward faces 
a steep, rugged escarpment 4000 feet high (S%1iS9). This precipitous 
rise in the land surface has a mountaiooqs i^ppeaiimce, and it is some- 
tlmes referred to locally as “the mOUptaln/’ Hoifsever, if one climbs to 
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the top qf tfio flte^p^ escarpiaaent m'4^ 

acr6%s%eafl^ level ^und/ T the high escafpinent is the ec^ 

of ah eirtensive platjeiiiu and ihbt a n^ityatain ftont- 
Generally mountain masses do hot stand alone but are pairts of dis* 
tinbt units that vaiy in size and plan, from irreguljftr^f^^ 

La Sal Mountains of Utah and the Adirondack Mountains b| northern 
New York, to the enormous belt that extends more or less tegularjy 
from the Pyrenees eastward across Europe and Asia to the East Indies 
Descriptions of the larger Units or Hibir parts employ somewhat loosely 
the terms systerrij and chain. As it is desirable to use descriptive 
terms with a definite meaning, the usage proposed many years ago by 
J. D. Dana is followed here. 

k mcnintain range either a single large, complex ridge or a series oJ 
clearly related ridges that make a fairly continuous and compact unit 
Excellent types are the Sierra Nevada in eastern California (Fig. 289) 
and the Front Range of Colorado. A group of ranges that are sirailai 
in their general form, structure, and alignment, and presumably owe 
their origin to the same general causes, constitutes a mountain system. 

Fi^. 289. Mounfains and flattams of southwestern United States. The principal 
units at this latitude an., from east to mst^ the Southern Rocky Mountains^ the 
Colorado Plateau, the Basin-and-Kange province, the Sierra Nevada, and the 
Coast Ranges, Numerous details omitted to avoid obscuring of major units. 
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Tlius the Basin Kange system (Fig. 289) in Nevada and adjoining 
States consists of many distinct ranges that trend north or northwest 
and have similar structure and form. The Rocky Mountain system is 
a great assemblage of ranges, made at approximately the same time, 
extending from nemr the Mexican boundary northward through the 
United States and western Canada. The term mountain chain is used 
somewhat more loosely, to designate any elongate unit consisting of 
several ranges or groups, regardless of similarity in form or age rela* 
tionships. 

But a still more comprehensive term is needed to refer to a series of 
chains or systems that make a more or less unified belt of vast extent. 
For this purpose a Spanish word was borrowed by the famous traveler 
Humboldt. All the mountain units in western North America, from 
the eastern border of the Rocky Mountains to the Pacific coast, are 
known collectively as the North American Cordillera^ (Fig. 289), 
Similarly the entire broad mountain belt that extends almost continu¬ 
ously from Alaska to Cape Horn is known as the American cordilleras. 
However, the same term has not been adopted universally for the major 
mountain belts of the Earth. In the literature the great mountain unit 
of southern Europe and Asia is designated variously as the Mediter¬ 
ranean (or Eurasiatic) chains, zone, or belt of mountains. 

Origin of Mountains 

Mountains owe their origin to various causes, and differences in the 
structure and the plan of mountain units are due larghly to this fact. 
The principal agents involved are volcanic activity, movements of the 
crust, and differential erosion. Commonly two or more processes com¬ 
bine to produce complex results. However, the discussion will be clari¬ 
fied by a classification that recognizes the dominant processes. 

VOLCANIC MOUNTAINS 

The most obvious process of mountain making is the accumulation of 
lavas and other volcanic products into heaps of mountainous sise. 
Some of the loftiest peaka in the Wbrld, such as Chimborazo (20,517 
feet) and Aconcagua (23,393 feet) in the AndeS^^and Kilimanjaro 
(19^321 feet) in Africa, have bden built directlj^v ^Volcaiuc action. 
Many such peaks, however, have their bases on plateaus, and 
iherefoie the actual height due to va|l^niam m muchl^ than the alti- 

. 'ZFttmoiinced either 1^5r-dil-y&^ia or ^ 
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tades abov^ eealevel suggest. A large number ol ooeanie islands^ VSfB 
those of the Hawaiian group, are volcanic piles, and some ot tbem 
appear to be seated directly on the deep-sea floors (p. 304). 

* Some volcanic mountains, such as Vesuvius, are isolated cones rising 
above ecnnparatively flat country. Other high cones occur in closely 
associated groups, like the San Francisco Mountains on the plateau 
south of the Grand Canyon in Arisona; elsewhere they are arranged in 
fairly regular rows, along great faults or other lines of weakness in 
the crust. Mountain masses formed directly by igneous extrusion are 
sometimes called ^^moimtains of accumulation.” In areas of wide¬ 
spread volcanism the volcanic materials build also extensive plateaus, 
such as the Absaroka Plateau east of Yellowstone Park and the great 
Columbia Plateau of Washington and Oregon. After a time stream 
erosion carves such plateaus into high ridges and peaks, which thus 
become mountain groups that are the joint product of accumulation and 
erosion. Erosion by streams or glaciers has modified the forms of all 
volcanic mountains, particularly those in which the volcanic activity 
has been for a long time extinct. 

PLATESAO BBIMNANTS 

High plateaus are dissected by stream erosion, and during a late stage 
in the process some of the more favored residuals have sufficient height, 
in relation to their surroundings, to be called mountains. Many of the 
larger buttes in western United States are examples. The Catskill 
Mountains in New York are remnants of a former extensive high 
plateau, the greater part of which has been removed by fluvial erosion. 
A clear indication of this old plateau is given by the nearly horizontal 
sedimentary formations of which the Catskills are made; the thick 
strata now end abruptly at the steep borders of the moimtains, and 
obviously their original extent must have been much greater. An early 
stage in a similar development is to be seen in the Grand Canyon of 
the Colorado, where great pyramidal erosion remnants rise from the 
depths of the chasm (Fig. 290). These masses are dwarfed by tiie high 
plateau surrounding them; but if they could be placed on a plain they 
would dominate the landscape. It is a logical expectation that the 
present ycvuthful plateau eventually will be dissected thorau^ly by the 
Colorado and its tributaries, and will then be represented only by scat¬ 
tered high residuals separated by plains and valleys. 

High plateau remnants are also called ^^ountains of acosion.^' How^ ^ 
ever, large-scale differential erosion is made possible mly by great up** 
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lift, md tfa^erefore residuals af mountainous size are the joint product of 
crustal movement and erosion. The forms and the distribution of the 
residuals are determined largely by the kinds and the structure of the 
rocks in the plateau. Horizontal sedimentary formations or homo¬ 
geneous igneous rocks are dissected by dendritic stream patterns, and 
remnants owe their preservation to chance location on divides or near 
the headwaters of major streams. In some plateaus, however, the rocks 
are steeply tilted strata whose edges were cut down to a nearly uni¬ 
form level at a low elevation by previous erosion (Fig. 299). When 
such a peneplaned surface is warped up to form a plateau, the weak 
rocks, especially the shales and limestones, are attacked more effec¬ 
tively by weathering and streams than are the edges of resistant sand¬ 
stone strata, which therefore are left standing in relief (Fig. 300). This 
aspect of* mountain history is discussed at more length on pages 
500-501. 

MOUNTAINS WHOSE STRUCTURE REFtBCTS CRUSTAX MOVEMENTS 

Volcanic mountains and plateau remnants are important geologi¬ 
cally, since they form groups of considerable size in the world today 
and probably have had wide distribution during past geologic periods. 
However, in most of the dominating mountain units now in existence 
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Fti 290. Part of th Grand <lanyon seen from Point SubUnff^ showing dissection 
of the plateau into isolated remnants of mountainous si%e. The far rim of the 
Canyon is about 10 miles from the foreground, and top of the two great pyramids 
are mm than 4000 feet above the river. 
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nwjtar relisf has been' determined either dired^sr ot lndiree% by 
lecalia^ ertistsl haovemmis that' have caosed nune (s severe dis¬ 
turbance of the vochs. In some of the young mouhtain systems mudi 
of the local relief was caused directly by these movements; in bdts of 
mountains which have experienced deep erosion and perhaps mcff e 
one regional upwarping, the original disturbance of the rocks is im¬ 
portant chiefly in guiding erosion. But even if much of the indent 
mountain relief is due chiefly to differential erosion, any characteristic 
structure produced by crustal movement has large importance in classi- 



Fia. 201. Mountam ranges fcarmed by simple normal faulting. The horsts form the 
ranges, the gnibens the intermont basins. 

fying mountain units. According to the nature of the movements, as 
indicated in the resulting structure and form, mountains of this general 
type are divided into four classes. (1) Faulting on a large scale results 
in relative uplift of crustal blocks, with or without tilting. Ranges 
whose structure is produced chiefly by this process are fault-block 
mountains. (2) Some vertical movements result in arching of the rocks 
into a general domal form, cither nearly circular or somewhat elliptical 
in plan. Dome mountains result from this process. (3) More com¬ 
monly the forces deforming the crust produce large anticlines and syn- 
clinee, giving rise to the structure of fold mountains. (4) In most of 
the great mountain belts we see the combined effects of two or more 
types of movement, particularly folding and faulting, with complica¬ 
tions produced by igneous intrusion. The resulting mountains aro of 
the complex type, but local sections may be classified according to th^ 
j>rpGess that has played a dominant role. 

Excellent examples of each mountain type exist; but |7ature is com¬ 
plex, and consequently various combinations of the different t 3 rpes are 
Jtnost common. The influence of erosion in varying degree is evident 
in all mountains^ regardless of type« 










Fi^. 292 . Front of a fanit-block mountain rangt/^touth of Goodsprin^s, Nevada. 
The Unton Pacific Kailroad tracks (jhown tn foreground) are near the base of a 
slope built up of debris eroded from the range. A large fault is concealed near the 
top of this slope. The highest peak is about 3000 feet above the foreground. 


FaulUBlock Mountains 

Assume that a system of intersecting fractures, reaching to great 
depth, divides part of the Earth’s crust into blocks or masses of very 
large dimensions. Then conceivably mountains can be formed directly 
by movements of these blocks in several ways, (a) If the region is 
initially a high plateau, some of the blocks may be depressed several 
thousand feet, leaving other blocks in their original elevated positions, 
to form mountain ranges, {b) Regardless of original altitudes, some 
of the blocks may be elevated to mountain heights, by forces acting 
largely in the vertical direction, leaving adjacent blocks relatively de¬ 
pressed. (c) All the blocks may move downward or upward, but dif¬ 
ferentially so that in the end some stand much higher than others. 
(d) Each of several blocks may be tilted or rotated, one edge being 
elevated and the opposite edge depressed. Whatever the nature of the 
movement, ranges that are formed by faulting^saj^ termed fault-block 
momtam (Figs. 291, 292, 293). Movement normal and re¬ 
verse faults give rise to such mountains. ' * 

fault blocks as we actually see ihm have been mbxe or less modified 
Jy erosion. Debtin vrom from the hi^ vmm tande to bury those at 



Ibw d^'tioaa'-(FigB. 2SI, 292)* -Inltbfle tiiie i^mbma'tien.Q^ 
fbid depolBitioa'diearly or quiter.oMt^nto tliB mowdnia reliej;, ^^ 
i^ially ia a xe0on ol interior drainage vjbeie nnarljr all riie detuia is 
oMght in basins between the mnuntains ({i. 114), .At a later date, as a 
result of broad regiomd .uplift sceoiapAbied b3^ change of elunate, (nr 
because of important changes in the drainage of adjoining reg^mts, the 
waste noay be removed from the original interment troughs and the 
ranges given a new lease of life. Obviously suidi resurrected ranges are 
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Fig. 293. Fart of the Sierra Nevada. California, looking northeast, lowing the gen¬ 
eral form and structure. The east front is an eroded fault scarp; the gentle western slope 
follows the tilt of the uplifted Idock. Remnants of folded rooks engulfed in granite record 
ancient cmstal movements and enormous igneous intrusions, after which long-oontinued 
erosion formed a peneplane. In late geologic time the present range was formed by tilting 
uplift along the great fault. Glaciation shaped the rugged peaks at the summit and 
enlarged the valleys on the western slope. 

Vertical scale considerably exaggerated. Broken lines suggest approximate form of 
block before dissection by erosion and burial under sediments in Great Valley. 

the direct result of differential erosion, and strictly they are plateau 
remnants. However, the original faulting was the chief factor in guid¬ 
ing erosion and continues to be reflected in the mountain forms. 

The Sierra Nevada of California is a tilted crust-block 400 miles 
long, 40 to 60 miles wide (Figs. 289, 293). Its eastern edge has been 
uplifted 2 miles or more, to form ao abrupt scarp facing eastward. 
Roads from the east ascend this precipitous front with difficulty; but 
west of the crest they descend on a long, gentle slope—^the tilted upper 
surface of the block. In the Great Valley of California, sediments 
thousands of feet deep have accumulated on the depressed portion of 
the rotated mass. A great series of fault mountains in Nevada smd 
parts of neighboring States forms the Basin Range fsystem (p. 452; Fig. 
289). The great dislocations responsible for these ranges and for the 
Sierra Nevada do not represent the first disturbance of the region. In 
earlier periods the thick sedimraitary rocks in Nevada and eastem Cali*" 
fomia were folded and thnisMaulted^ and great i^ieous masses were 
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intruded into theva. MouBtains that existed soon after those ancient 
ev^Pits have long since disappeared, and in late geologic time the old 
deformed crust was broken by great faults, to form the present genera¬ 
tion of mountains. Probably some of tlie ranges are still growing, for, 
within historic time, movements have occurred on several of the faults, 
giving rise to violent earthquakes. As a large part of the region has no 
drainage to the sea, the mountains are partly buried by accumulations 
of their own debris. 

Fault-block mountains in various stages of destruction are found in 
northern Africa, in Arabia, in central Asia, in Japan, and in many other 
parts of the world. The thick red sandstones of Connecticut and 
Massachusetts are broken by great faults, and the resulting blocks have 
a strong tilt eastward; but the mountains that probably were formed 
by these dislocations disappeared through erosion long ago. Similar 
structural relics of ancient fault-block mountains, representing various 
geologic periods, are widely distril^ted m all continents 

Dome Mountains 

Mountains wdiose stinicture reflects crustal uplift of distinctly domal 
form may be classed together, regardless of size or the exact cause of the 
uplift. The simplest are laccolithic domes, made by the bowing up of 
stiata above thick, fens-shaped intrusions of molten rock (p. 287). Or¬ 
dinarily a dome of this kind that is high enough to be called a mountain 
has lost more or less of its original cover through erosion; and not un¬ 
commonly the resistant igneous mass, almost completely denuded, 
stands within circular or elliptical ridges formed by the upturned edges 
of the more resistant strata (Fig. 196, p. 288). There are several excel¬ 
lent examples in the vicinity of the Black Hills. The Henry Muuntain.s 
of Utah, classic examples of the type, are a large group of laccoliths 
and related igneous bodies in various stages of dissection by erosion. 
But not all mountains of this kind have ideally simple structure. In the 
Moccasin Mountains of Montana the intruding magma ruptured the 
covering strata and lifted them irregularly. 

Some cylindrical masses of igneous material (stocks, p. 292), rising 
vertically from great depths, have failed to reach the surface but at 
their upper limits have bent sedimentary beds stropgly upward to form 
symmetrical domes. In early ste^ges of disseetii^^ mountains of this 
kind are indistinguishable from laccolithic don|6& When the cylindri¬ 
cal mass has been eroded to a Ixmer levels howev^^ it is seen that the 
cuts across JJie strata with which il^ is }ii,(i^?astact Some of the 
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larger igneotiB bodies in the Henry Mountains and in the Bladt Hills 
appear to have this form, althou^ superficially tiiey resranble laeeo- 
liths. 

Fold and Complex Mountnina 

Mountains in which rocks are strongly folded and broken are com¬ 
monly described according to their internal structure, whether or not 
the deforming forces were the direct cause of present high altitudes. 



Fig. 294. Mount Ferdrix, Alberta. After the titrata were folded, erosion removed 
vast quantities of rock, and a closely compressed syncline, originally a low part of the 
folded section, now appears in one of the high mountaiix ridges. 


Some old mountain units are strictly remnants of erosion; however, it 
is evident from their structure that a certain type of crustal deforma¬ 
tion attended their early develox3ment, and their structural character¬ 
istics are used as the basis of their classification. For example, the 
Appalachians of eastern North America and the Gape ranges of South 
Africa have had long and varied careers. The original highlands were 
eroded tlirough long ages, and they almost or quite .disappeared; and 
the present ridges have been brought into relief by differential erosion 
as the result of later upwarping of the areas containing the old moun¬ 
tain ^‘roots.” In these and other mountain units, numerous synclines, 
which originally were the lowest parts of the folded belt in which they 
occur, now are found in high peaks or ridges (Fig. 294). It is well to 
keep these examples in mind throughout the discussion that follows. 
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l>efqmi 9 d rocks «rc cHanScteristic of all great mountain zones, but it 
^ not to be 1^€9i for granted^that the deformation gave rise directly to 
the present mountain heists. Mountain structure and mountain ele- 
u^Ltion may not have any direct relation to each other. Nevertheless 
the structure continues as a dominant factor in determining relief be¬ 
cause it guides differential erosion. 

All the great mountain chains of the Earth include folded sedimcm- 
tary rocks as a conspicuot»s part of their structure. These chains, there¬ 
fore, arc sometimes classed together as fold mountains, although fault¬ 
ing, igneous intrusion, and other important processes besides simple 
folding have played some part in their origin. Actually every great 
system is more or less complex in its structure; but certain mountain 
units exhibit fairly regular folding of rock formations as an outstand¬ 
ing structural chai^cteristic. The Jura Mountains in Switzerland and 
parts of '4he Appalachian Mou^^ins are excellent examples. The 
Rocky Mountains and the Alps, both characterized by enormous thrust 
faults in addition to folds, are outstanding illustrations of complex 
units. However, many parts of the Appalachians also are complicated 
by thrust faulting; and, as there arc all stages of gradation between the 
simpler sections of this chain and the almost incredible complexitj^ of 
the Alps, it is clear that fold and complex mountains can not be sepa¬ 
rated as sharply contrasted structural types. 

Oeneral Character of Fold and Complex Mountains. From exami¬ 
nation of a globe or a world map it is apparent that each of the promi¬ 
nent mountain belts is composed of numerous ranges disposed somewhat 
irregularly, but in long stretches with the same general orientation. 
Some of the ranges are nearly straight in plan; but many are strongly 
curved into the form of great bows or arcs. The Alps, Carpathians, 
Himalayas, and other chains of Eurasia are striking examples of this 
arciMite type (Fig. 295). 

An important part of the bedrock exposed in each of these mountain 
belts consists of distorted sedimentary formations. Most of these 
strata, now on the flanks or even on the highest summits of the ranges, 
represent deposits in former seas, on deltas, and in swamps bordering 
tim sea. Owing itx the strong folding and faulting pf these strata, fol¬ 
lowed by planation and dissection through erosion, the full thickness of 
the sedimentary cover can be seen and mcitfcsuml, In some mountain 
belts these thicknesses are astonishing; 4, 6 miles are by no 

means exceptional values, and in some s^s the total sedi¬ 

mentary sections exceed 40,000 feit^' It wiH oectm Id some readers that 
^similar thieknessdiKmay be common abo otif(l$3e otmouaitain zones, but 
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fonoalibhe gro^ ^^pltruBU^V ibianer ainray 
vpouni^i$ b^t. HiUB the strata ia tbe Appal^hiianB; 
ie^ pr jatc^ inalong ceat^i^^^ 
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Fio. 295. Map of Araa, with parts of Europe and northeastern Africa. Trends of the 
principal, mpuntain t ^haina of Asia and K>utheni Europe shown by blaidc lines*. The 
arcuate for m of many units is strikins. The trends are generally parallel with the south 
and east ooasts of Asia. Note the series of great marine basms receiving mo^in sedi¬ 
ments between tl^ east eoast and the island ohaioB. 

a maximum thickness near 40,000 feet; but at no great;distance ip the 
west the thickness is 'teas than 10,000 leet, aj^ in Mississippi, 
Valley it is only 4000 to 5000 feet (Fig/297). On the east side 
Appalachians this series of sedunentary strata ib not iwpgnized^ and it. 
win be slibwn deposits never extend^ indejfi^tely 

eastward from their present iinait. Therefore the excessivelyi^^^^^ 

; Sedimshtary si^ti^ occupy a long and .Telatiyely natrpw bolt tha^ 
coiresponds elp^ly in trend to the axis oll^ This ^ 

tionship exists in the EpddeSi the I^diten^^ 
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great SKmntain belts. It is a lopcai ooaclusion tiuit aeomnulatkiB of 
stratified roeks in atHUtfOtol thiekoerees had a eignifieftTi f oonaectioo 
frith the development of-each of these mountain units, llierefore these 
^ick aeemnuIatioDa merit particular attention. . 

Devi^opment of Geossreclines. Sedimentary slrata in the great 
mountain belts consist of conglomerates and sandstones interbedded 



Fig. asa.^ Map dugadnc gtiniH'al locatian ol the Appalachian geooymoline and of the 
did land which fui ’oiahe d a large part of the aedimenl^ that ware deposited in the sinking 
trough. HolatioiiB in New England unoertain. Dotted line bIiowb inner margui of younger 
deposits that mantle the present Coastal Plain, 


with shales and limestones. Because they are thick deposits and con¬ 
tain coarse sediments, they must have been laid down near the margins 
of lands that underwent prolonged erosion. The great thickness of 
deposits may ^lUggest that sedimentation began in an excessively deep 
basin. However* there is unquestionable evidence that most of the sedi¬ 
ments involved in mountain folds were laid down in Idiallow water or 
at only moderate depths. Accumulation of dc^Miisits to a total 
thickness of sev^al miles indicates that slow of tlie sea floor 

was continuous or recurrent while progress. More¬ 

over, as enormous volumes of Sjedimentsewepe 4^Hvered into the sub¬ 
siding basin dtering Img periods, a wastfeg Imiili&ass must have risen 
continuously or Recurrently adj acent to area sedimentation. An 
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43«3«it^ sabddbt irt# of tlik^\]re, «1uofa itiedves ^ 

wdBoisi^a donoK sub^moe, k known'«« a geesTbdiol <p. 330 ; Tig/t. 

296,29th AxMcrnaiumidecmalacgeBcaleiiwvWlbegFeaieMA 

of ^Uctw eeae parallel %o the east coast ol Asia, into the J 9 bai 4 

Ho and other great rivers of the contmait as weQ as shortra' stocMaos 
from the wesh^ slcqaes of ^e Japanese and other islands, ve poCahiB 



Figs. 297-300. Four Jitages in the ev^olution of 'Uie present Appalttchi^is. Views: looking 
north. Each Uoek about 200 miles lone* Vertical scale e^iMESWftted. 


FiO. 297. The ^eosyncline receiving aedimeute from a former land on the east. 

Fiu. 298. Foldin# and Uuruet faulting of the rocks in the geosyni^ine. The form and 
height of the aurfadl are entirely hypothetical; it is not known how much upli^ resulted 
directly from the feeding or to what extent erosion kept pace with the uplift. Aftereevm’al 
geologic periods had elapsed the region was worn to a peneplBnei indicated by the brdeen 
hneati^ # 

Fiu« ikSMtvBtvA appearance of the peneplaned AppaJachian rafpon near the close of 

the Mosoeoic era.. The eastern part of ihe region was submerged and received a veneer of 
ooastal-plaiQ aedimeoits; p^bly this veneer covered much of the fedded belt, and has 
heen removed by erosion. . ^ ^ 

Fio. 269- During OemuKdo time the region was warped up, ae miueated by arrows m 
the bottom of the block; biSts of weak sedimentary rock were eroded Faster lhan 
resistant etrata, whidi therefore make tiie present rklges. (The brol^ line cOrreq^da 
to the t e pfthe block in Fi^. 299.) 
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ItDQNda &t aedimait <Fig. 296). A0Oiher example, on a smaller scalo, ia a 
brit of sediments ineluding the Misinssippi delta mid exte^^g 
eastward along the north side of the Gulf of Mexico to northern Ftorida. 

In the AppaUchians various features of the strata indicate tiiat 
conditions within the old geosynelinal trough fluctuated repeatedly. 
Sandstones and shales with abundant ripple marks and mud cracks arh 
interbedded with thick limestones that contain marine fossils. Such 
relations imply a shifting shoreline and considerable variation in depth 
of water. In fact at some periods the sea gave place to great delta 
plains or to enormous swamps in which materials for coal beds accumu¬ 
lated. These changes depended on the relative rates of subsidemt^ and 
sedimentation. If sinking of the trough halted for a considerable time, 
accumulating sediments made the sea shallow or even displaced the sea 
water entirely over wide areas. With renewal of subsidence the water 
came bacl^. If the adjacent land^^as elevated rapidly for a time, ero¬ 
sion may have been stimulated sufficiently to keep the seaway full Cven 
though subsidence of the trough was continuous. 

From study of some sedimentary sections in the Appalachians it is 
clear that the coarser sediments are on the east, and that they grade 
westward into marine shales and limestones (Fig. 297). Therefore the 
land from which these sediments were eroded lay east of the geosyti- 
cline.' A narrow belt of ancient rocks near the present coast may 
represent the western edge of the former land; but how far that land 
extended eastward, over the area of the present continental shelf, is not 
known. Although the vast quantities of sediments it supplied may 
suggest considerable width, even a narrow land that was rising almost 
continuously may have been adequate. The name Appalachia is ap¬ 
plied to this ancient land of unknown extent (Fig. 296). The sea that 
lay west of it, covering much of the present Mississippi Valley r^^on, 
was shallow and had shorelines that shifted widely during its long 
history. 

Possibly Appalachia was not a unit land mass, as suggested in Fig. 
296, but consisted of great island chains near the border of the conti¬ 
nent, similar to chains now flanking the east coast of Asia. The Ajnatic 
chains are partly submerged mountain ranges, some of whieh developed 
from folding of thick sedimentary deposited ~ We ^i^4|Hseulate, there¬ 
fore, that in remote geoloj^e ages a geosynd^l^lpl^ near the 

^Land areas on flie west also contdbiiited to the geosi^cline, 

at certam stages of its development»'« the and extent of these 

Ifsiid areas, and thi| amounti^ of sedimeidi have not been deters 
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lawni «aet«a^ <ioast^ of Kosib Aiaeric«; of ^lu> 

fluoc^ geosyxMjiiie foraed iBOuntams Klddi gnm into wlanif 
ftod ttot these rising were the source of sediments laid down 

a younger barin on the west, the Appalachian geosyncHae* The great 
volumes of sedimente testify clearly to the former exmtence oi Am>^ 
lachia, but do not reveal its exact form or its full extent, ^ 

Other great mountain systems, in both of the hemispheres^ have 
had beginnings similar to that of the Appalachians. The Rocky Moun« 
tains are on the site of a great geosyncline that stretched from the Gulf 
of Mexico to the Arctic, with highlands west of it; strata folded in the 
Caucasus Mountains are made of sediments that were derived from 
lands to the south while seas stretched northward over Russia. The 
time occupied in the accumulation of sediments in ^a geosyndine has 
ranged from tens of millions to hundreds of millions of years. The 
Appalachian geosyndine was a basin of deposition during six geologic 
periods^ nearly 300 million years in total duration. 

Stages of Severe Crustal Movement. The structural features found 
in each of the great mountain belts indicate that crumpling of the old 
geosyndine and its burden of sediments was perfonued by forces acting 
in a lateral direction, parallel to the Earth’s surface, Th\is in aones of 
most intensive folding, not only are the folds closed so that their limbs 
are parallel, but also they are even more severely compressed, with 
mashing of the beds and the production of very complicated structures. 
This is illustrated by sections in the Appalachians*(Fig. 300) and in 
the Alps. 

Some strong folding movements occurred while development of the 
Appalachian geosyndine was in progress. In eastern Pennsylvania, in 
the Hudson Valley, and in scutheastem Canada the strata deposited 
during the early stages of geos 3 mdinal history were thrown into steep 
folds and now lie with strong angular imconformity beneath formations 
that were laid down later. Further strong disturbance, however^ oc¬ 
curred after the youngest of the geosyndinal sediments were depos¬ 
ited (Fig. 298). Likewise on the floor of the sea in which the Alpine 
formations accumulated there were repeated disturbances that folded 
and broke the strata, and we see the result in numerous unconformities. 
As the folding continued the entire belt finally emerged from the sea, 
and the final crushing and thrusting by lateral compression occurred 
after nearly all the sedimentary strata had been formed. 

Thrust Fdidiinff. It is to be expected that such extreme folding rf 
rocks would result in rupturing and displaeeix^t of the strs^ a]<m# 
great faults. We find, accordingly, that faulting is es|>ecially common 



Ficts. 3pl-306. Devdopment of a great thrust fault, ^ngth of block about 50 . 

Fio. 361.: ITadiaturbed strata before the movement .1^ begii^ 

Fro. 302. ' Horiaontal oompr^pn has formed a hu^ antioUhe^ ^ ^ 

Fio. 303. The fold has dev^pped into a thrust fault. De^ri^ eipdedl lrom the risiUS 
sti^eture has accumulated in the synclinal depreaBioii'hit .t^ base of thevr^ee. 

Fh». 304.^^ mass is pushed.out over the land of its own 

aQhidai debris.''' . 

■'Tid. 305. ' The thrust■ reaches its'maidmum’'extfflit.: 

Fro. 300. filter movement hM peased; ei^08idn;^h^ thrust mass Js cut 

ddim and ba^. Note the isolate remhi^ts'^pf (Coiupare Fig. 307•) 
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in nuMxntAi^ Canges. Ae we pass from connotation of tba nnipW 
fold ztoges to tiu)Be ol more emspiex l^rpes, fatilting beccKOSts more 
pronounced imiil finally it reaches extreme ^velopment in thrust faults' 
of great magnitude (Mgs. 301-306). An excellent exmnple is ifae 0:eat 
Lewie thrust in Glaeim' National Park, Montana (Fig. 307). Ilie low 
dips of the thrusts and their trends parallel with the axes of tito cangee 
indicate that the thcucNn wnre made by horia<mtal compression^ just ae 



Fiq, 307. Part of the great Lewis thrust, in Glacier National l{*ark, Montana. The 
old rocks pushed up and forward in the thrust are indicated, l>oth at the surface and 
beneath, by the darker color. The thrust has been rut back farthest where the largest 
stream has eroded its valley. Chief Mountain (C) and another smallr remnant are "moun¬ 
tains without roots"; they show that the thrust roai'hed farther east than at present, but 
probably do not record its maximum extent. (Compare Fig. 306.) 

Vjew looking northwest. Front of block about 10 miles long. 

were the folds. In fact many of the folds, after being overturned, were 
broken, and the breaks developed into tlirusta; thus the origin of the 
two types of structure from the same forces is clearly established. 

Amomit of Covipre^sion, The magnitude of the forces and of the 
masses involved is indicated by the amount of shortening that has been 
produced in some of the great folded belts. It is estimated that in the 
Appalachians the original width of the geosyncline was decreased at 
least 40 or 50 miles, and in some sections more, by the crumpling n{ the 
mass and the thrust faulting. Thus if the folded strata in Petmsyl- 
vania, which now resemble a crumpled blanket, could be smoothed out 
toward the southeast, their extent would be increased sufficiently to 
cover most of the State of New Jersey. In the Rocky Mountains also 
the structure represents shortening by tens of miles, and the amounts 
of compression in the Alps is much greats. 
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Tariatum of Ft>ld Structure, It is to be expected that the results of 
folding dbould differ considerably in character between the several 
lUountain systemsi or between distant parts of the same system. Dif¬ 
ferences in thickness of sediments, in proportions between strong and 
weak formations, and in severity of the lateral forces are reflected in 
the individuality of mountain folds. The Jura Moimtains, a small 
member of the Alpine system, have irregular folds, many of them 
broken and crumpled. These folds were produced far out in front of 
the Alps proper, in a relatively thin sheet of strata, as an incidental ef¬ 
fect of the forces that deformed the greater Alpine zone (pp. 470, 472). 
The Appalachians present a wider variety of fold structures. In the 
slate and anthracite regions of eastern Pennsylvania the folds are 
closely compressed, many of them to the isoclinal form (p. 36S; Fig. 
236), and the axial planes are strongly overturned toward the north¬ 
west. Farther west in the State folds tend to be open and upright; 
and the deformation dies out westward. In the mountain belt farUier 
south, throughout Virginia, Tennessee, and northern Alabama, many 
of the folds were ruptured by the severe compression and developed 
into thrust faults (Figs. 301-306). This kind of complexity is especially 
pronounced in the Alps, which merit special mention. 

Thrust Faults and Recumbent Folds of the Alps, Alpine structure is 
characterized by great folds that have been pushed over to a horizontal 
attitude, and by flat thrusts that are related to these overturned folds. 
These features are developed on an unparalleled scale, with the result 
that the Alps consist of a series of great rock sheets, driven one over 
another and overlapping like the shingles on a roof. I'he Germans £all 
the individual sheets Decken; the French refer to them as nappes. 

Because of their location, the Alps have received more intensive 
study than any other mountains. Accordingly, in spite of astonishing 
complexity, their structure and history are fairly well known. As in the 
Appalachians, the deformed rocks in the Alps include thick marine 
deposits; but a larger part of the Alpine sediments bears evidence of 
deposition in deep water, far from any shore. Crustal movement began 
in Mesozoic time, with pressure from the direction of Africa. The 
layers of sediments on the sea floor were bowed up slowly, until chains 
of islands appeared above sealevel. During earljr^ Qenozoic time the 
compression accelerated powerfully, and an tock sheet was 

driv^ northward over the geosyndine. Beneath sheet the weak 
sedimentary formations were intraifiely With recurrent 

ilmasting other shec^ were driven fDiwiu^,.ltedaU were severely folded. 
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Erofiioft eu* vsaUeys thtough th« sheete (Fig. 308); exposing tW entire’ 
series^ ®nd parte of the Alpine area nearly the whole of one or more 
aheete hae been swept away, leaving remnants of old rocks to form isj^' 
lated pCi^s standing on younger rocks that were overridden and cov-' 
ered during the thrusting movement. Like Chief Mountain, Montana 
(Fig. 307), isolated peaks that have this anomalous relation are 
tains without roots.” The Mythen, prominent peaks south of Lake^ 
Zurich, are famous examples. Some of these masses are 50 miles or 
more north of their original pKisitions. Heim, the great Swiss master of 
Alpine structure, tells us that the Alpine zone as a whole was made 



Fig. 308. Oeixeralixed section across part of the Swiss Alps. Three great thrust sheets, 
or TMppes, are numbered 1, II, III. Sedimentary formations are numbered 1 to 5, in order 
from oldest to youngest. Dotted fine suggests original form of thrust sheet I,' which has 
been largely removed hy erosion. Isolated mass under 3 is a “mountain without roots.*' 

narrower by nearly 200 miles owing to the thrusting and folding. Lo*- 
cally, as in the Simplon Tunnel section, the original width was reduced 
as much as 90 per cent. 

Depth of Folding, How deep is the segment of the crust affected by 
folding, thrusting, and mashing in mountain zones? There is of course 
much uncertainty about this matter, but for some localities a partial 
answer can be given. In the Alps, erosion has cut through the folded 
and uplifted cover of strata in several places, exposing the older rocks 
on which the sediments w'ere deposited. Mont Blanc and the Aar 
massif are parts of the floor of the former geosyncline, now lifted to a 
high level and completely denuded. These areas were not in the deep-' 
est parts of the old basin; yet they were covered with sediments many 
thousands of feet thick, and the crustal movements reached much 
deeper than the present surface, since the old rocks are sliced with 
thrusts and otherwise deformed. The Appalachians have not been 
elevated sufficiently to permit erosion to expose the floor in the deepest 
part of the old trough; but thrust faults have brought some of the 
lowest sedimentary formations' to the level of the present surfac^^ 
Similar evidence from the Rocky Mountains and from the old<^ 
tain zones of Scotland and Scandinavia leaves no doubt that deforma^ 
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tUni by hdraont&l oompression extends through a depth of at least sev¬ 
eral miles, but how much deep^ the effects may reach is not knotm. 

'On the other hand it is certain that some folding ends at compara- 
tivdy shtdlow depth. The folds of the Jura Mountains, northwest of 
the Alps, are closely compressed; but the sedimentary formations in¬ 
volved in the folding have a total thickness less than a mile, and the 
elder rocks beneath were not affected by the deformation. Near the 
bottom of the sedimentary section there is a weak formation of shale. 
'Vtlien the Alpine zone was being crushed by powerful thrusts from the 
south the deformed rocks, crowded toward the north, transmitted part 
of the pressure to the flat-lying strata beyond. The weak shale at the 
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Fig. 300. Section through part of the Jura Mountainfl. Thrust from the isoutheast 
(right) caused the plate of atratified rookB to fold by Uipping over the older rocka beneath. 
(See Fig. 310.) 

base of the section served as a lubricant, permitting the overlying strata 
to wrinkle into close folds by sliding over the “basement” rocks (Fig. 
309). To duplicate the effect in miniature, lay a thin block of tissue 
paper on a table with the far edge of the block against a book, and push 
against the near edge; the paper yields by wrinkling into folds, at the 
same time sliding on the table. Shallow folds of the Jura type appear 
to have developed incidentally in connection with more important and 
deeper-seated crustal movements (Fig. 310). 

Mountain Elevation, There is a natural tendency to assume that all 
the excess material crowded into a mountain zone by folding and 
thrusting was forced above the general level, and that growth of the 
great ranges in height ended as soon as horizontal compression ceased. 
For a long time, indeed, this conclusion was taken for granted, and at¬ 
tempts were made to compute the original heights d eroded ranges by 
restoring the folds from study of the eroded limbs. As the steps in 
mountain history become clearer, however, it is found that much of 
the actual elevation occurred at a time distinctly than the folding 
and thrusting. After the Rocky ^Hountain d^l^^ation in Mesozoic 
aad early Cenozoic time, the folded and faultedliinfett was eroded to a 
naai;ly evm surface at a low altituije; ancf.ibe great heights in 

Rockies are to strong upwarping at;: a date. Similarly, 
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aft^.much" of the timisting and feeding was the Al^ had 

only moderate height, and the sea washed the flanks of the riwtges both, 
on the north and on the southb In late geologie time, jpowerful upwarp^ 
ing of the entire mountain belt carried the Alpine mnnmits to great 
heights. The Andes and the Himalayas have had similar histories. 

Therefore horisontal compressive forces, important though they have 
been in the development of mountain structure^ are not a sufficient ex¬ 
planation of mountain height. What other forces may be involved? A 
possible answer to this question is reserved for later paragraphs. 

Role of Igneous Agencies. Although some great ranges contain little 
or nc visible igneous rock, nevertheless intrusion and extrusion of 
igneous material commonly have been associated with mountain gen¬ 
esis. Great batholiths have be^ intruded into many belts of folding 
and thrusting. A granitic mass of thi^ kind that has become exposed 
by deep erosion is spoken of as the ‘^granite core’' of a range {Fig. 19S, 
p. 290). Intrusion of hot magma, combined with the folding and mash¬ 
ing of the older rocks, has caused profound metamorphic effects over 
wide areas {p. 419). One of the finest examples of such batholithic 
masses is in the Coast Range of western Canada, where granitic rocks 
are exposed in a continuous belt more than 1200 miles long (p. 291), 

Intrusions of molted magma have not only made batholiths at the 
cores of ranges, but also have pressed upward into the folded and 
faulted strata to form sills, laccoliths, and dikes (Chap, 13). In many 
mountain zones the magmas have broken through to the surface on a 
grand scale, as evidenced by the vast accumulations of volcanic breccia, 
lavas, and other volcanic materials near Yellowstone National Park, 
along the Andean chains, and in numerous other mountain belts the 
world over. 

Since igneous activity involves tremendous energy, it may seem a 
logical suggestion that igneous processes have supplied the force re¬ 
quired for folding and thrusting. However, evidence of igneous action 
is wholly lacking in some long belts of intexise deformation. More¬ 
over, many intrusive masses in mountain belts Were emplaced after the 
folding and thrusting had been accomplished, since the i^eous bodies 
cut across the folds and faults. Therefore the igneous activity was 
more probably an effect than a cause of the deformation. 

Possible Interpretation of MounUin History. Why are thick geo- 
s 3 rxiclinal deposits commonly involved in mountain defonnation? What 
causes great uplift in mountain zones long after folding and thru 8 fi <|5 
movements have ended? Why have great batholiths formed beneal^ 
mountain belts? These questions can not be answered with confidence 
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at jpresent, but some suggestions find support in the accumulating evi* 
d^ee. Figure 310 illustrates some of these suggestions. In (a), the 
geotsyneline G has received vast quantities of sediments from a land 
mass Ly which was rising persistently while the geosynclinal tract was 
sinking. This rising land was at least in part a growing mountain belt^ 
subject to repeated deformation from horizontal pressure in the crust 
Thus mountain-making forces were already in action while the geosyn- 



Fio. 310. Hypothetical Bectionfi through a mountain belt, showing three stages of 
development, (a), (&), (c). A, outer shell made of low-density (conUnental) rock; B, 
deeper sons made of denser rock. Broken lines indicate normal thickness of low-density 
shell, before thickening by deformation. Arrows in (a) and (&) indicate lateral oompres- 
siou, with no suggestion of its origin. In (o), dowiibending beneath geossmdine Q pre¬ 
sumably is caused by farces that deform the ^ell beneath the rising land L. In (b) tlie 
deformed and thickened shell is in isostatic balance. In (e) fusion has formed bathoUthlc 
masses F, and volcanic material V is extruded, /, superficial folds like those of the Jura 
Mouni^uns (Fig. 309) m thin sedimentary section outside the geosyncline. (Vertical scale 
much exaggerated.) 

dine was forming; in fact, every geosyncline seems to have been oue 
manifestation of these forces. Although the accumulating weight of 
sediments was no doubt a factor in causing subsidence of the geos3^- 
clinal floor, the sediments were of much lower deneitil^ tilian Uie rock 
displaced at depth (Fig. 6, p. 18)^ and their weight alone could not 
have kept the tract below sealevel, by causing 1>f sinking for 

every mile in thickness of added deposits. The responsible 

for horizontal compression in the cii^st may downbending 

^ beneath the geosynclinal tmct. Under thie the sediments 

began accumulating at G because ih^ basin to 

z^lve them, and £hey continued to pile up down- 




TafiOBI0INAJR>HISrofirOT«OONTA|»S 

bendiag of *tt»e crust ruaintamed the catchment basin, Wei^t of the' 
sedimeitts accentuated tiie downbending in bobk degree, but was not a 
primary cause of subsidence. 

Figure 310 (b) represents renewed deformation of the mountain b^lt> 
including the entire width of the geosynclinal tract. Ck)mpresBion has 
thickened the outer light shell (A) of the crust, and the top of the 
thickened portion has risen to higher altitude in conformity with the 
principle of isostatie balance (Chap. 2). At a later stage, (c) rising 
temperature in the lower part of the thickened shell has caused large- 
scale fusion, with development of a batholith that cuts across folds and 
faults. Expansion has caused increased uplift, and vigorous erosicHi 
has carved the high surface into rugged forms. A logical cause of the 
large-scale fusion may have been accumulation of heat from disintegra¬ 
tion of radioactive elements (p. 335), which are more abundant in the 
outer granitic shell A than in the dark-colored rocks of the deeper zone 
B. Since granitic rocks fuse at lower temperatures than basaltic or 
gabbroic rocks, the resulting igneous activity would be confined to the 
thickened part of the granitic shell A. Starting near the base of this 
shell, fusion would proceed upward until temperature in the upper part 
of the fused mass fell below the temperature required for further melt¬ 
ing. Dissipation of heat through volcanic activity may have been one 
factor in baiting the upward progress of batholithic invasion. 

The succession of events outlined here is oversimplified, in compari¬ 
son with the complete records found in many mountain districts. Thus 
in parts of the Rocky Mountains there were two or more episodes of 
volcanic activity, each probably corresponding to a spreading of ig¬ 
neous fusion in the underlying crust. Each renewal of major igneous 
activity in turn may have been connected with a distinct episode of 
compressive deformation, of which several occurred in the Rocky 
Mountain region, separated by long intervals of time. Mountain his¬ 
tories have been varied and complex; hence a simple generalization can 
not be made for all parts of any one mountain system, much less for 
all great systems. Moreover, the hypothetical nature of interpreta* 
tions suggested above, and in Fig. 310, must be emphasized. Tiie 
problems are too vast, and evidence now available || too merger; to 
permit more than intelligent guesses about the mechanlletoi ^ 
building. 

Later Stages of Mountain History* As long as the compressm 
forces are at work, a mountain system grows in so far as its struct^ 
is ocmcemed. Whether it actually rises in hei^t cat not 
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Adjustment between (1) vertie&l movements that tend to make it 
and (2) the vork of erosion'which tends to cut it down. Always 
during the formative period this struggle goes on, and the height of a 
range at any time is the resultant of these two forces. When crustal 
movements cease erosion has full sway. After an enormous lapse of 
time the mountain forms may be obliterated; but even then some olue 
to their former existence will be furnished by the upturned and dis¬ 
located nature of the eroded strata (Fig. 311), by the widespread 
metamoiphism of the rocks, by the faults that cut them, and by the 
presence of large granitic intrusive masses. We can not determine 
the former altitudes, for, as LeConte has said, "We find only the 
bones of the extinct mountains”; but these remains indicate the trends 
and extent of the ancient ranges. Thus from the kinds and attitudes 
of the rocks of southern New England, which is now only a hilly coun¬ 
try, we are led to infer that it was once a mountainous region, with 
ranges trending generally north and south. 

Crustal movements in the mountain zone do not cease, however, at 
the time the ranges reach their maximum height. As erosion proceeds, 
its work is partly offset and the mountain forms are complicated by 
recurrent upwarping of tlie region. The old Appalachians have been 
bowed up repeatedly, even in late geologic time. After their birth late 
in the Paleozoic era they experienced long-continued erosion; and 
although uplifts probably occurred, the entire folded tract finally was 
reduced to a peneplane, During more recent epochs the region was 
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Pig. 3ii. East fmt tj tbi Lartmt Mmtaitu, Wjtmni. Emm bos rtimti 
thist ataatms tt hw lUvatm: hut tm if thty sbeald tmhMy ht tndei tt a 
^aiu, n&f uftumd strata of limstm, saudstm, and sbak will mark the pisi- 
Hmandtbttrtridi^tbiildrattff. 
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•waijwd up Item^y and diB8»:ted, and ibemfoed the pmsent siou^tdn 
ridges are stiieay plateau remnants (CSiap. 20). The repeated-uplifts 
are logically explained as movements to restore isoststie balanee after 
removal of great load throu^ prolonged erosion (Fig. 6^ p. 18). 

Datino of Movbmbnts in a Mountain Zonb 

To fix the geologic period in which the sedimentary fonnations of a 
geosyncline wm'e deformed, it is necessary to determine the age not 
only of the youngest strata involved in the disturbance but also of the 



Fiu. 312. Cross-aection of a range with fold atnioture, showing evidenise of the date 
at wliich deformation occurred. A, youngest surviving strata that were involved in the 
folding; the deformation occurred after they Were deporated. B, strata deposited after 
the deformation. Length of section about 50 miles. 

oldest strata that were deposited later (Fig. 312). The; closeness of 
dating by this method depends upon the length of the interval between 
deposition of the two sets of formations. Thus if the youngest de¬ 
formed rocks (for example, A, Fig. 312) are of early Jurassic age, and 
the oldest undisturbed formation (as B, Fig. 312) was deposited early 
in the Cenozoic, the movement may have occurred either in the Jurassic 
or in the Cretaceous period (see Appendix D). The latest Appalachian 
folding is dated as Permian, since late Pennsylvanian rocks are affected 
and Triassic rocks are not. 

In some mountains the rocks have been disturbed in several periods, 
and therefore the method just explained can be used to date only the 
latest movement. However, the earlier disturbances generally are re¬ 
corded by unconformities (p, 386). If a surface of unconformity cuts 
across strongly folded rocks, and the formations above the unconform¬ 
ity also are deformed, there were at least two important disturbances* 
The several pulses of violent deformation that affect^ the Alpine zone 
are differentiated by evidence of this kind* 

Mountain-making movements of any kind are dated ^ 
the same general principles. The latest eptepde of* uplift 
can not be older than the yoimgest rodcs affected by iQfe laiiMs^. . ^ ^ 
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The Ulycmatd Cause of Crustal Movements 

The mechanism of crustal deformation and mountain uplift repre¬ 
sented in Fig. 310 is largely hypothetical. However, it does not at¬ 
tempt to explain the origin of forces that cause the deformation. This 
fundamental mystery about the Earth has engaged the attention of 
scientists through several generations, but the problem is still unsolved. 
Borne of the current hypotheses hold great interest, but they can be 
given only brief mention here. 

Origin of Steep Faults. Some steep faults that bound mountain 
blocks may have resulted from strains set up by movements to restore 
isostatic balance disturbed by erosion and deposition (Chap. 2). Other 
faults appear to be related to irregular shifting of magmas at depth, 
during the emplacement of igneous bodies or the extrusion of volcanic 
materials. Many dome mountaina'^owe their formation to igneous in¬ 
trusion, and therefore the problem of the causal force is closely linked 
to the problems of igneous activity. 

Cause of Horizontal Compression. The outstanding question con¬ 
cerns the cause of folding and thrusting in the great mountain zones. 
When it was believed that the Earth consisted of a relatively thin 
crust resting on a hot molten interior, it seemed easy to explain buck¬ 
ling of the crust by assuming that there was steady contraction of the 
Earth’s volume as the result of cooling. The already cold outer crust 
would be folded up as it gradually sank upon the shrinking interior, 
very much as the skin wrinkles upon an apple that contracts from 
drying. This view in its original simple form can no longer be held, 
because it is known from seismic evidence that the Earth is rigid, at 
least in the outer half of its radius. 

Nevertheless a view commonly held to account for crustal deforma¬ 
tion assumes contraction because of cooling. This is a survival of the 
idea mentioned above, but changed to accord more nearly with later 
knowledge. It assumes that the Earth, though rigid, is very hot 
within, and that progressive cooling causes slow shrinkage below a 
comparatively shallow depth. An English Scientist has shown that 
this mechanism would account for a large amount oi buckling in the 
outer shell, provided we make certain reasonable Assumptions as to 
temperatures in the interior. Anotiier form^ tiwi contraction hy¬ 
pothesis discards the idea of a hot int^or, bd%|^s8m|ies that the enor¬ 
mous pressures deep in the Earth Oause ec^tinuous increase 

4 w'density and decrease in volume. The be the same 
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&B if oooliBg occuirody as the outer efaell| unchanged ^ volume, would 
coUapee on the ehrioking core with tK^&eequeat folding mid lian6tki||« 
It has been suggested also, that vertical adjustments in the ouite^ 
crust to maintain isostatic equilibrium (p. 17) may be a sufficient 
cause of folding and thrusting. This suggestion does not find suppmt 
in evidences of enormous lateral pressure and displacement. In some ^ 
mountain belts, individual rock sheets have been thrust horizontally 
for distances of 25 miles or more; and every large folded geosyncline 
represents lateral movement through tens of miles. It is difficult to 
conceive of a mechanism whereby slow vertical movements of the 
crust could be responsible for horizontal forces of such magnitude. The 
mechanism for maintaining isostasy must play an important role in 
Some aspects of mountain development: first, in adjusting for loads 
when excess matter is crowded into a mountain zone by folding and 
thrusting; and, later, by restoring the balance disturbed when vast 
quantities of material are eroded from the high ranges (Fig. 6, p. 18). 
However, in this role isostatic adjustment can not be the principal 
actor. Unless there had been independent forces to upset equilibrium 
in the crust, all features of relief on the continents would long ago 
have disappeared through erosion. 

Hypothesis of Continental Drift. A speculation which has won 
many advocates maintains that whole continents have shifted hori¬ 
zontally through long distances. It is claimed, for example, that Africa 
moved northw^ard against the old Mediterranean geosyncline and 
crushed it to form the Alps and neighboring mountains; that the great 
chains of Asia were caused by southward shifting of that continent; 
and that the American cordilleras are the result of slow, long-continued 
westward drifting of North and South America. It is urge^ that no 
other explanation will suffice in view of the stupendous shortening re* 
corded by mountain folds and thrusts. Students who favnr the hy¬ 
pothesis of “continental drift’^ point out considerable geologic evidence 
which, in their view, strongly supports the concept. For example, if 
the maps of North and South America^ as they appear on a globe, are 
moved eastward against Europe and Africa, not only do the conti¬ 
nental margins match remarkably, but some old mountain belts In 
America—among them the Appalachians—^appear to be continuems 
with mountain belts of the same geologic dates in lands east of the 
Atlantic. But w'hat would furnish the motive power for breaking up 
and transporting continental masses? ^ 

One hypothesis that has received considerable attention attributel^' 
crustal deformation to slow-moving convection currents within a thick 
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shell of the Earth. At first thought, it would appear that such currents 
are hnposfflble, in view of abundant evidence proving rigidity in the 
Earth. It is urged, however, that a thick zone below the crust may be 
nearly devoid of strength, because of high temperature (p. 448). ^me 
mathematical physicists agree that slow convection may operate in 
such a zone, provided an adequate source of heat exists. Advocates 
of the hypothesis assume that minute quantities of radioactive elements 
are contained in the rocks to depths of several hundred miles in the 
Earth, and that disintegration of these elements provides sufficient 
heat to set up convection. The supposed operation of such convection 
is as follows: A current rising below a large continental mass will he 
divided and turned laterally at the base of the strong crust; when the 
currents arrive at a continental margin, heat is lost through the ocean 
floor, and the cooled subcrustal matter sinks, thus completing the cir¬ 
culation. Frictional drag at the base^f the crust may be strong enough 
to divide the continental mass and separate the parts. The forward 
edge of each continental fragment encounters resistance to movement 
and becomes deformed by folding and thrust faulting. Movement of 
the currents, and of continents propelled by them, is assumed to be at 
a rate imperceptibly slow. Separation of South America from Africa, 
through the SOOO-mile width of the South Atlantic, is supposed to have 
begun more than 100 million years ago; hence the average rate of 
^‘driff' (assuming that it has continued to the present time) Was less 
than two inches per year. 

Although the hypothesis of moving continents seems fantastic to 
many students of the Earth, it has stimulated numerous investigations 
that are resulting in substantial increase of geologic information. Even 
if the hypothesis eventually should be disproved, its influence has been 
beneficial, and it may play an important part in revealing the secret 
of diastrophism. 

Summary 

Mountains have been formed by differential erosion of plateaus; by 
volcanic accumulations; and by localized deformation of the crust. In 
the latter group we recognize several general classes of mountains 
based on types of structure, which reflect the action of diverse forces. 
The visible structure may be due to dislocation and/^lting of erustal 
blocks, to simple doming of rocks, to folding witfe or.lsithout faulting, 
to large-scale thrust faulting, or to various cembina^ylms of these sev- 
processes. Connected with any %rpe of nmvemen^ ^ere commonly 
been injection^ ^an^ extrusions of IgneOt^ mati^al, which have 
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conipKis&ted final sthictuiT^ of the mountain masjs^ Nearly aH' 
mountain-building movcmentfi have taken pla^e in a aeries of pulses 
or phases distributed over a vcary long time; this is especially teue of 
the chains that have complex structure. The cause of great lateral 
pressure to which the belts of folding and thrusting bear elc^uent testh- 
mony is an unsolved problem. We know from long study of many 
mountain belts that they were the sites of thick sedimentary accumu¬ 
lations during early stages of their development, and that deformation 
went on continuously or recurrently through long geologic periods. 

Actual elevation to mountain heights commonly has followed the 
intensive, folding and apparently was in large part independent of the 
deformation by lateral compression. Repeated uplifts have greatly 
prolonged efforts of erosion to destroy the great ranges. Many chains 
owe their present existence to differential erosion following broad up- 
warping of old folded and faulted belts. The continuous struggle 
between internal and external forces has left its clearest record in the 
diverse land forms of mountain regions. 
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Chapter 20 


LAKD FORMS 

Gbkesis of Land Forms 

We haye learned soiiKthing of the various kinds of rocks that con¬ 
stitute the Earth’s cruet, we have examined the several processes that 
operate on the face of the Earth, and we have studied t^e intermittent 
movements of tiie crust that result from forces within tiie Earth.' Hav¬ 
ing in mind these three factors, each of which exercises its own control 
over erosion and deposition, we are prepared to inquire into the shapes 
into which the land is sculptured. These are termed land form, and 
their study is important not only because of their intrinsic interest, but 
also because an understanding of groups of these forms helps to recon¬ 
struct the later history of the part of the Earth in which tiiey occur. 
The study of land forms is a means to an important end, as the follow¬ 
ing pages show. 

Relation of Land Forms to Erosion and Deposition. The wave- 
cut cliff is a feature so distinctive that even where we find it well 
developed above present sealcvel we infer that it was carved either by 
a lake or by the sea and was later affected by a change of level. Simi¬ 
larly the undercut sides and slipoff slopes of a stream valley are so 
characteristic of fluvial sculpture tliat, even where we find these two 
features facing each other across a valley with no stream between them, 
we infer that a stream formerly existed in the valley and that it carved 
the valley sides. Again, the discovery of a mountain crest partly con¬ 
sumed by the growth of cirques leads us to the firm conclusion that the 
crest was formerly sculptured by valley glaciers even though none now 
exist there. 

The wave-cut cliff, the slipoff slope, the undercut valley side, and 
the cirque are land forms that are unusually distinctive. Each of these 
features characterizes the work of a specific group of processes: marine, 
fluviai, and glacial. Similarly the domes of the Yosemite (p. 38) are 
tiie work of weathering, the d^ation hollows of the Gobi Desert and 
other arid regions (p. 202) are tiie wwk of the wind, the sinks {p.l33) 

481 
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common in carbonate rocko are the work of subsurface water, and the 
ilBingS of lake basins (p. 147) ate ihe work of lakes. 

All but the last of the forms mentioned are erosional in origin. The 
same groups of processes, however, also build up depositional land 
forms. The (marine) beach and bars, the (fluvial) fan, the (glacial) 
end moraine, and the (eolian) dune are examples. The distinctive 
features of land forms^ then, are determined by the processes that 
created them, and the processes include both erosion and deposition. 

Relation of Land Forms to Rock Composition and Structure. 
Processes, however, are not the only factor involved in the making of 
land forms. A wave-cut cliff, an undercut valley side, and a cirque 
carved from resistant rocks are bolder, steeper, and more rugged than 
forms of the same types carved from weak rocks. Each is still recog¬ 
nisable; each still records the process that sculptured it; but each 
clearly indicates the influence of^'An additional factor—^the general 
nature of the rocks from which it was carved. Furthermore, land 
forms also commonly reflect the structure of the component rocks. For 
example, the step-like character of the walls of the Grand Canyon 
(p. Ill; Fig. 11) shows at once that the rocks are essentially horizontal. 
Similarly the appearance of the ridges in Fig. 316 shows that they are 
being carved from folded rocks. 

Igneous activity and movements of the Earth’s crust exercise the 
chief control over the composition and structure of many rock masses 
from which land forms are carved. For example, a volcanic cone 
evolves through a definite succession of land forms as it undergoes 
erosion by streams (p. 326). Fault blocks likewise go through a well- 
defined series of changes as erosion destroys their initial fault scarps 
and eventually creates fault-line scarps (p. 382). 

Relation of Land Forms to the Geomorphic Cycle. Although rock 
character combines with erosion and deposition to control land forms, 
still a tliird factor is involved. The land forms between the streams 
in Fig. 64 are very different in appearance from those in Fig. 63 
(p. 105), in spite of the fact that the processes at work and the rocks 
being worked upon are identical in both figures. The only difference 
between the two, indeed, is one of age, th^ land mass shown in Fig. 64 
being farther advanced in the cycle than th^ne in Fig. 63. Age 
or position in the cycle, therefore, in to rocks and the 

process at work, is an important factc|*||| the ehajiing of land forms. 

Value of L>and-Form Study. therefore con¬ 

tributes to the temporary aspect of a^Uthl^ouely ^imging landscape, 
for it is evolved fr(bp different feattuM that preccried it, and it is cer- 
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tain to be altered into etill other features by the proceiBees thet eeese'- 
loBsly flbape it. Ilie jMPSetical V9im in the study of land forms lies in 
the f acst that, because the character of any one Unit usually betrays not 
only the general character of the rock composing it and the processes 
that sculptured it but a^o its position in the cycle, we 4 ^ work hack* 
ward from it and thus reconstruct landscapes that no longer exists In 
this way we can read chapters m the history of the Earth that would 
be legible by no other means. 

The Fluvial Cycle on Folded Strata 

The folding and uplift of strata discussed in the preceding chapter 
are accompanied and followed by erosion, usually with streams and 
mass-wasting the chief agents. During the erosion of fold mountains 
there are evolved a number of characteristic land forms which are 
common in many parts of the world and are easily recognizable when 
their origin is understood. Therefore it is important to examine the 
fluvial cycle on folded strata in contrast with the fluvial cycle on homo-p 
geneous rocks. 

In a moist climate the erosion of an area of folded strata is baaed on 
the same principles that control erosion of homogeneous rocks (p. 105). 
There are differences in detail, however, because of the unequal yield¬ 
ing to erosion of alternating weak and resistant rocks. Many varia¬ 
tions are possible, but the following account, illustrated by Figs. 313- 
317, represents a typical cycle under these conditions. The illustrations 
are necessarily diagrammatic, in that fold structures change somewhat 
with depth, so that far below the surface they are likely to be less 
simple than those shown. However, all the land forms illustrated here 
are commonly developed, and the diagrams are geometrically correct. 

Initial Stage. Let the scene be set with a land ma$s in old age 
(essentially a peneplane) developed on a series of horizontal sedi¬ 
mentary rocks, alternately resistant and weak (Fig. 313). The area 
is drained eastward by a main stream that reaches the sea on a broad 
delta. The tributaries, because the rock is horizontal, form an irregu¬ 
larly branching pattern (p. 99). 

Early Youth; Antecedent Streams and Synclinal Tributaries. 

This section of the crust then be^ns to be compressed, and, as it 
gradually yields, it is very slowly bowed into a series of gentle folds 
(Fig. 314), of which one plunges northward. The folds are transverse 
to the course of the main stream, and the rate of bowing is so slow 
that it might be measured in inches per century. 



Fiqa. 813-318. Fluvial cycle on folded strata in a moist climate. Greatest length of 
each block, approximately 20 miles. Vertical dimension greatly exaggerated. 

Fjo. 313, Initial stage, showing a land masa inherited from an e^libr' cycle. / 

Fio. 314. Stage of early youth, sboiring folding of th^trata id form th^ ahricSbes; 
the main stream persists in its antecedent course and cutwater gajpe, but the tributaries 
are oldiged to follow new routes along the syncUnes. 

Fig, 316. Stage of later youth, showing fiihbg of yall^ 
fornunghogbacks. 

Fig; 316. Bta^ of maturity, shci^iig'disaectiDn of the eijidten Oiling and growth 
of .'BUbaeoueht streams. ■.;■ ■■ ■ . 

Fig. 317. of old age, showing the wei^rbdfai iwduoi^^^ basdievel, leaving 

jgmna^oclm-’ol'/jrtM^^ EBaentiaUy'g;.lpdn^'Ume;>;':'''- 

13 he same :iurea after i«|tlinenatich -^::u the streams have 

Tigmua^ eroded the iiyeak-rodc Areas, leaving ridgse. 
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F/j. 319. Dilavim Wi^ Gaf; m /eftbsj nertb {tffttnaia). Tit J)4mn 
Rfpif has cat tht ^ap throaih Kittatiw^ l/lsat^ak, a saadstm ridp tictf 
^at tap is a nmaat tf a fmtr pmplMi. Pm^hmia las ta tht kp t{ At 
rim,}ltwjtrstyttthttiiht. 


If the fold rose so rapidly that the stream could not cut through it, 
the stream might be dc/ealed-converted into a lake by the damming 
effect of one of the anticlines, and forced to spill over or around the 
anticline at some new point. But, in the case selected, the main 
stream is just able to cut down through the slowly rising folds, A 
stream that is strong enough thus to maintain its original course in 
spite of folds or faults across its path is said to be antecedent. The 
Santa Ana and Temecula rivers, both of which cross ranges of hills 
southeast of Los Angeles, California, are antecedent to the uplifts that 
formed the ranges. The Columbia River and its tributary, the Yakima, 
are antecedent to anticlinal ridges in central Washington through which 
they have cut, 

In the preset example the tributaries, smaller and weaker than their 
main, do not fare so well; they are blocked off by the rising antblines 


pairs of tributaries are developed at ri|^t angles to the main Stream) 



and a right-angled p^itent t&kde its pla(»», 
tite chief tributaries uccupj^i&l the synctoal trou|^. At the $amc 
time, rapid runoff down the alopea of the anticlines'forms steep cense- 
qu^^lritot^ies of the second order, which soon excavate deep gorges. 
As ilobn as thebe "i^ibutaries cut through the surface bed of resistant 
roek^and penetrate tine weak bed below, they cut the Weak rock rapidly^' 
undermining the distant rock and quickly widening their valleys. 
Tlus procei^ is characteristic of the early stages of the cycle, in that 
the weak rocks are attacked as widely as possible, while the resistant 
rocks, escaping dilect attack, fall piecemeal by undermining. Ihe 
main stream crosses the anticlinal arches through water gaps (Fig. 319) 
which it has cut itself, and its increased load is deposited farther down¬ 
stream. That the stream system is confronted by a long period of 
cutting is indicated by the volume of rock that lies above the new 
baselevel (indicated by a dashed }«ie, Fig. 314). 

Later Youth; Hogbacks. The folding has now reached its climax 
(Fig. 315), and the anticlines grow no higher. The crests thereby 
attain their maximum altitude above baseleVel (dashed line, Fig. 315), 
But because much erosion has taken place since the uplift began, the 
actual mountains can never be as high as might be inferred at a later 
time by projecting upward the stumps of the anticlinal limbs. Steep¬ 
ening of the anticlinal slopes (compare Fig. 815 with Fig. 314) causes 
such greatly increased erosion by the tributaries of the second order 
that the streams in the synclinal troughs, whose gradients have not 
been steepened much since folding began, are not able to carry away 
the w^aste contributed to them. Therefore the troughs are partly filled 
with waste. The long ridges formed by the steeply dipping resistant 
strata are termed hogbacks (Fig. 320). They are common in the Colo¬ 
rado Rockies, the Big Horn Mountains, the Black Hills (p. 503), and 
many other anticlinal moimtain masses. If the dip of the resistant bed 
were very gentle instead of steep, a more asymmetric and gently sloping 
ridge would result. A ridge of this type is called a cv£sta (Figs. 335, 
336). 

Erosion of the weak layer, with undermining of the resistant layer 
above it, progresses most rapidly flong the erestii of the Idgher anti¬ 
clines, because there gradi^ts are steepest. the antieline in 

the center (Fig. 315) has been breabhed along its crest, whereas 
the lower anticline to the east is only parila% brea^ll^, and that only 
where its axis is highest. Because It Is a {4uaging lidd, its axis is in- 
0 l 6 ied, and hence ihe tributaries of tiie oriicr that drain its 
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Ft^. 320 Hogbacks, at Fiainhow Gardens, near Las Vegas, Nevada. Length of 
base of view, apfroxemately 2 mtUs. 


flanks have less steep gradients. This being the casC; their cutting 
power is less than that of their neighbors on the other anticlines, and 
the resistant stratum that caps this anticline is therefore less readily 
breached. The structural skeleton of the whole region is now dissected 
into greatest relief, but the mass-wasting processes and the streams 
have much to accomplish before they can remove all the rock above 
baselevel and carry it into the sea. 

Maturity. The wedk strata continue to receive the most vigorous 
direct attack by the streams, and the resistant strata fall block by 
block as they are sapped and undermined (Fig. 316)* Erosion of the 
weak strata in the middle anticline has now completely laid bare the 
rounded upper surface of the lower resistant stratum, and this likewise 
goes through the erosional process and is breached. Figures 315 and 
316 show the appearance and development of other such rounded ridges 
in the hearts of the anticlines. 

By this time the whole land surface has been reduced appreciably 
toward baselevel (dashed line, Fig. 316; ccanpare Fig. 315), and the 
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l^gjhts been lowered eufficieatly to decrease tbe supply of waste 
ictlkiB tributaries. The lattef, freed from a part of their load, are again 
aide to devote a part of t^ir energy to downcutting, and they begin 
to dissect their previous deposits in the synclinal troughs and in the 
region east of the anticlines. By this time they have reached grade, 
and the hill slopes, continuously eaten away by mass-wasting, are also 
at grade. 

Old Age^ Although decreasingly effective, downcutting by the 
streams during late maturity and old age results in the reduction of 
tbe remaining highlands. The reason is simply that most of the weak 
rock has already been worn down close to baselevel, leaving little but 
resistant rock upon which mass-wasting can operate (^ig. 317; note 
that the dashed line has disappeared because the old-age surface prac¬ 
tically coincides with it). Because of the great resistance of the onlv 
rock left above baselevel, and because gradients are slight, the process 
of erosion has become almost infinitely slow. Figure 317 depicts a 
peneplane with elongate monadnocks formed by outcropping edges of 
the resistant beds, together with one rounded ridge in the pitching 
anticline. Weak and resistant rocks alike are beveled by a surface of 
low relief. The cycle is virtually ended; from now on the streams ckn 
work only to destroy the monadnocks, with scarcely appreciable results. 

Adjustment of Streams to Weak-Rock Belts. Figures 313-317 
show that, although the initial tributaries develop as consequents in 
the synclinal troughs, they steadily decrease in importance Until in old 
age (Fig. 317) they are almost completely extinguished. As the re¬ 
sistant rocks that form the crests of the anticlines are* breached, tribu¬ 
taries develop in the underlying weak rocks and extend their valleys 
headward from the main stream along the exposed belts of weak rock. 
Streams that established themselves by growing headward along belts 
of W'eak rock in this manner are termed subsequent streams. As the 
cycle progresses, the subsequents, rapidly eroding their weak-rock 
valleys, steadily gain more drainage area at the expense of the conse¬ 
quents which have to cope with the resistant rocks, in the synclinal 
troughs. In this way, throng the process described on page 498, they 
acquire the lion^s share of the runoff. From this the principle may 
be set up that stream systems adjust their comes to fm) as much 
as possible on weak rock and as little ots possible resistant rock. 
Streams adjust their courses in other ways, but thisis a very common 
meth^. Drainage developed in fo^dad Sti^ta taf^ reaches an ad- 
condition before late maturity ot dd age, The more or less 



adjuttoent Qf the laucger steeaeoB In the Mded i^qiaiai^Aofl 
la illuairated in Fig. 321, The afaike ot'&e fohla nan be tendily inletred 
£roin the taend ef the right-an^d ataean pattern. 



Fig. 321. Stream patteme in Weat Virgiiiia. In the central and western regions the 
rocks ore nearly horizontal and the pattern is irreKularly hranchin^. In the east the 
rocks are strongly folded along N&-SW axes and the result^ pattern is right angled, the 
long straight streams being subsequenta which have cut their valleys headwsrd in belts of 
weak rock. Note how thoroughly the region is drained fmature dissection in a moist 
climate), and compare Fig. 68, p. 109. 


Uniform Beveling of Weak and Resistant Rocks. The significant 
fact emerging from the description of such a cycle is that, if left un- 
flisturbed, streams and mass-wasting wear down a hind mass to 
a peneplane in which both weak and resistant rocks are tnore or lets 
evenly beveled. Remnants of peneplmtes exist in many parts of the 
world, each one cutting across rocks of various kinds and thereby 
testifying to the fact that it was formed under the close oonirol of base- 
level, the only level at which streams and mass^-wasting can out down 
both weak and resistant rocks nearly to a commem plane. 
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muekiiutfe AumerouB if Earles cnirt 
&lk»«^ iBiid noase^io ataod still iJirougbout' an ^ire c^«le 
of ^fiidn. What nsoally happens is tiiat movement of the ^st ocenrs 
long before ^e oycle is oemi^ted, mther depressing the land« submerg¬ 
ing the moil^B Of the mlleys, and raising the baselevel, or causing "Uie 
land to rise fafghw above the sea, inereasing gradients and rates ^ 
erosioa, and thereby starting the cycle ovsr again. It is because of 
freepiently ixqpeated crustal uplifts of the land, forcing the streams to 
remew dovmentiing, that the continents have not been reduced to great 
low<-lying peneplanes. Changes of level of land masses are therefore 
highly significant events in the history of the Earth. For this reason 
we must examine their effects on stieam-sculptured land forms, so that 
by Tbeognismg the sculptured forms in any region we can work back 
to the changes that produced them and thereby add. still further to 
ouf knowledge of Earth’s, past.'’' 

Effects of Changes of Level of a Land Mass 

We have seen that the crust is subject to upward and downward 
movements of various kinds (p. 351) and that the level of the sea also 
fluctuates, in part independently of the crust (p. 195). If the evi¬ 
dence of change of level is distinct and widespread, the earlier cycle 
is said to have ended (even though it is not completed) and a follow¬ 
ing or second cycle begun. Thus the valleys shown in Fig. 323; A, B, 
and C, are now in a second cycle begun by change pf level that has 
carried the land to a new position higher above baselevel. 


The effect of relative downward movement of the land is most 
conspicuous along coasts, because there it consists of the submergence 
of Valleys beneath the sea. The mouths of many of the larger valleys 
of the Atlantic Coast of North America are thus “drowned” (p. 239), 
as are many valleys m southwestera Britain abd northwestern Frapec. 

Inland, downward movement of the crust is comi;Dimb^ accompanied 
by the accumulation of abnormally thick stream deposits. The sag¬ 
ging of basins such as the Salton ba^ (p. 152) be accompanied 
by widespread and rapid filling with Bediinei]t>. £^Wnbending tends 
to reduce stream gradients aa the fiOor of ^e dowitbent area, but at 
the same time it tpnds to iacrease padienii cm tlm sides or flanks of 
the area, causing r^venation, as desmibedflfiEdoW. 




8FEMCS AU photos. 

F$i, 322 . Inciifd meanderSt Jmh Rtper wtst ef Mtxtcan Hat, Utah. The 
strtam has hm njuimattd, misini the mandtrj to 0 defth of UOO Utt. Note 
the ouKrops of hon^fitital resistant strata. 


BEJtJVIlNATION 

Movements of any Vind that increase the slopes of the land increase 
the rates of erosion of the streams affected, by increasing their gradi¬ 
ents. A stream given a markedly increased gradient by this means 
or any other is said to be rejmemted. 

Incised Meanders. One of the most conspicuous effects of rejuven¬ 
ation is the incision of meanders. If the gradient of a meandering 
stream (p, 102) is increased so rapidly that the rate of lateral cutting 
by the stream can not keep pace with itj the stream is rejuvenated ii> 
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Ka memdering oonne. Th« imeaiuteF loqss «re gratlually cxoavated 
iato a ccmt^oue -winding ge^ge whose b^s are sepaiated by parti- 
tioQ-like, ste^walled projectmg s^rs (Fig. 322). These winding 
gorges are incised meanders, and are an indication that rejavenation 
has Ifdcea place in tbe region where they occur. 

meanders can pot remain deeply and narrowly incised for long.. 
Latersil cutting is mok rapid against those slopes titat face up the 
valley, wfai]^ -the stn^un tends to slip away from the slop^ that face 
down' the v.^k!y (compare Fig. 56). By this process the projecting 
are destroyed and a new strath is euti 



B . C 

*«*• 


Flo. 323. Croafi^-profileis of valleyB showing that the effect of rejuvenation depends on ^e 

stage at which it occurs. 

A, M stream rejuvenated, effect very strongly marked. B, mature stream rejuve* 
nated: effect strongly marked; former strath cut into terraces C. young stream rejuve¬ 
nated: effect barely perceptible in the spurs along the valley sides. D, very young stream 
rejuvenated effect not registered. Compare Fig. 324. 


On every continent there are more large streams with incised 
meanders than with normal meanders. This striking fact furnishes 
one more proof of the instability of the Earth’s crust by recording the 
repeated upwarping of land masses and the rejuvenation of their 
streams. 

Nongraded Tributaries. Downcutting by a rejuvenated main 
streami* whether meandering or not, induces rejuvenation of the tribu¬ 
taries by lowering their points of junction with the main. Rejuvmui- 
tion works headward up each tributary valley, essentially as a pew 
gulfy works up a slope.. At any time during this process, the long pro¬ 
file of tile tributary is steeper in its lower part than iarthm* upstream. 
Many of the tributaries to the Merced River, which drains the Yosem* 
ite Valley in California, have strikingly steepened profiles as a result 
of rejuvenation of the Merced. 

Valleys with Cmnposite Cross-l^ofiles. A rejWv'mtated stream 
normally excavates a new V-valley within ite valley. If the 

latter is Y-shaped, its cross-profile kt ecmxsely altm^ (Fig. 323, D), 
hut, if it had pro^saed into late youth p|4qr to rejuvenation, tiio 
ug^profile df tiie nev V-valley meets tfie of old valley so 
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M to fijimii A proamanBd sbouidca' (Figs. 823y C; 324). If ijM) 
prior to Te}toi«Bati<m was mtore <nr old, il^ effect is wtf iaaricc4 
<Ftg, 3S3, Ai B) . However, l$efoie soeh a eoo^osito cross-profile can 


C. LongtoMt V. 8» OedogteiU Survey, 


Fio. 3^4. East «xid c»f Boulder Caayon, southern Nevada. Note abrupt changes in 
alopo of valley walls, suggesting two rejuvenations. The three inferred suooesdve erose- 
profiles ctf the canyon are indicated by dashed hnes. Compare Fig. 323. 

be safely ascribed to rejuvenation, it must be proved not to be cm- 
trolled by differences of rock resistance to erosion (Fig. 70, p. 111). 

Stream Terraces. A special type of composite cross-profile is repre¬ 
sented by stream terraces, bench-Hke flats which are present in many 


OnuSa. 

Fis. 32s. Fin terraoM ahma tbe Thompwm River near KannoiqM, Britidk ^olaathia. 
The terroeeB are dieeected tqr cuBiee. 

vall^B, and whose upper surfaces stand above the flood stages of the 
streams, thereby showing that they were not made under, presesit 
regimens. ' ^ 

Not uncommonly there are several toraces in s^es, rifi^ away, 
from tJie stream like two iitegular ^j^ts of stqps facing each other. 



m VmmOAL tXEXSJOQY 

CbaeraUy 'thejr are small j^scoixtiiiuoue remnants, but in some Talleys 
tliey are continuous through long distances. Some {fU terraces, Fig, 
325) consist entirely of stream deposits, the remnants of former thick 
vajley fills. Others (strath terraces) are former straths cut into bed- 



Fto. 326. Faired strath terraces caused by rejuvenation, since which stream has cut 

a w^e strath. 

rock. Some terraces occur in pairs, each pair at a nearly uniform 
height above the stream (Fig. 326). The strath terraces are covered 
thinly with stream deposits laid down during the periods between the 
times of rejuvenation. 

On the other hand, some valleys contain terraces that are not 
paired, that is, tliat do not “match up” at a common height on both 



Fig. 327. Nonpaired fill terrBoea left by a duwncutting stream that is meandering 
from side to side of its valley, encountering bedrock at various points. Dashed hues 
indicate the path followed by the meandering streauu The terraces are numbered 1 to 5 
m the order in which they were cut. The present apor of tiie Talley is treuehed only by 
^ the stream cdiaameL 

sides of the vall^. Orifinarily such terraccu oouar sloug a stream that 
is swinging from side to sick of its vall^ k idovdy lowers its strath. 
At various pmnts the stream ^oouut^ tlk bstdrock that constitutes 
valley sides. Deflected by t^eke re«listant e^^i^cles, it swings away 
and is prevailsk^ ^rom undercutii^ fill tbd£^ lies verUcally above 
and immediate^ downstream from each iputeri^ of bedrock. The fill 
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temsm as imaees (Fig. 327), which gt^adtially mcrease izi 
hei^btr as streatm ccmtinties to mb downward. Howeve^j^ latear^^ 
migraiioa of the chattnel takes place so very Slowly that streaio erosioii 
lowers the ehannel somewhat between the time when it deserts one 
valley side and the later time when it encounters the opposite side. 
In consequence, no two terraces on opposite sides of the valley will lie" 
at the same elevation above the stream. 

Many nonpaired terraces have been formed by streams re|uvenated 
so gradually that they are able to swing widely as they cut downward; 
others may have been cut by streams which, having reached grade in 
an uninterrupted cycle (p. 81), slowly continued to lower thefr straths. 

Remnants of Upbowed Peneplanes. It may happen that rejuvena¬ 
tion does not occur until the earlier cycle has reached the peneplane 
stage. The completion of the ideal cycle depicted in Figs. 313-^17, 
is followed (Fig. 318) by rejuvenation during which the peneplaned 
surface (upper dashed line) is bowed up high above baselevel (lower 
dashed line). This permits the stream system to renew the work of 
excavation which had ceased under the old conditions. No new de* 
formation of the rocks is required, for, although the surface itself has 
been smoothed out during the earlier cycle, the structure below the 
surface remains. The folded strata of unequal resistance, which dis^ 
appeared as relief features tlirough the beveling effect of peneplanation, 
are still there, needing only rejuvenation to bring them again into 
prominence. Hence a simple broad upbowing such as has occurred 
repeatedly throughout the Earth’s history is all that is necessary. The 
sluggish streams are rejuvenated; they begin to cut actively, at the 
same time speeding up the process of mass-wasting over the whole 
surface. The weak rocks are again stripped away from the resistant 
rocks, which are left standing as prominent ridges. The tops of these 
ridges, which were beveled nearly flat during the earlier cycle, are 
wasted down so slowly and uniformly that during the early part of the 
second cycle they preserve the relative position of the former peneplane 
from which the intervening weak rocks have been cut away (Figs. 318, 
328). The highest lidges of the Appalachian region are records of a 
former peneplane. Their beveled tops betray the fact that they are 
parts of a former continuous surface that stood close to baselevel, and 
that this surface was later dissected by erosion following rejuvenation 
(Fig. 319). 

In Fig. 318 the weak rocks in the two synclines are temporarily pre% 
served as ridges because they are protected by narrow naps of rasista^ 
rock. When these caps disappear by being undermined, the ByncknAl 
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iMges wiU be quiekly destroyed. The cimipJetion of the eecoiid eyele 
see a new peaeplane (developed in the plane of the lower dashed 
Une). It will be much like that of Fig 317 but will differ from it in 
at least two respects; (1) Monadnocks will be fewer because of the 
complete removal of the upper resistant layer from the two synriines. 
(2) The remaining monadnocks will be farther apart because the re¬ 
sistant layers will be mtersected farther down the limbs of the anti- 
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Fig 328. Penepliuipd mass arched up to about 900 feot abo\e Bealcvel and diaaectcd 
to a Htage of maturity m a ovcle that began with the uplift. The tops of the lulls and 
ridges together form a reninrkabl> even skvliiie They are remnants of a peiipplano that 
beveled several different kinds of rocks, all of them strongly folded Ilestigouohe River 
near C'ampbelltou, New Brunswick 

* 

dines by the plane of tlie new baselevel. These ridges, apparently 
fixed in position, are in reality slowly migrating as they aie eroded 
down the dip of the resistant strata of which they are composed 
Superposed Streams, Many large streams cut across the strike of 
weak and resistant rocks without any regard to their structure. Such 
a discordant relationship, we have seen, may be brought about by 
crustal bending or folding across the path of ib previously existing 
stream, in \vhich case the stream falls into the dass of antecedent 
streams. In Figs. 314r-dl6 the antecedent character of the main stream 
is shown by remnants of the folded original land surface stijl pr^rved 
in some places. In Fig. 318, however, ^very of the original 

folded surface has been destroyed, ai^ consequently at tbis stage there 
ieno means of proving the antecedent ongin sixeam. But it is 
clear that the tops,of the ridges record a fomt^ pene^ane, and that 



'24NI> FORMS 


tiie sipsiin frtrMm, fonaerly flowiiig oa ihe pei^laaie^ 

its ptree^t'course through r^venatioQ of penephmed land nmae. 

An ^cticnsiyely eroded land area may be’bilried beneath toter'de- 
posits, Bu that these rest upon the usderlyjng steuctare- with ao^lar 
uneonfcnmity (p. 387). Blankets of this have been formed in 
many regions by fluvial, glacial, volcanic, lake, and marine deposits. 



Fiqb. 329-330. SuperpOBjtioQ of a stream. 


Fig. 329. The peneplaned land mass of Fig. 317 has been submerged, oovered uneon<* 
forirably with horizontal sedimentary strata, and re-elevated, and new strdains have 
foriried on the uparuhed surface. 

G. 330. Later stage, after the streams of Fig. 329 have cut down througli the uncon-* 
fom ity into the discordant rorks beneath. The horuontal strata have been removed by 
on except along the tops of the resistant ridges. 


In time the streams that develop on the surface of such a blanket cut 
through it into the very different rorks and structure below, upon which 
they are said to be superposed (Figs. 329-330). The stream shown in 
Fig. 196 is superposed upon a denuded laccolith. Many of the large 
transverse streams in the Rocky Mountain region such as the Platte 
River system have been superposed from thick and extensive covers 
of alluvium. 

Small remnants of the overlying cover remain through part of the 
cycle as caps on the hills. As long as they remain, they testify to the 
manner in which the streams acquir^l their discordant comrses, but 
after they have been stripped away it may be very difficult tU detet'^ 
mine whether the nonadjusted streams, cutting water gaps fhrou^ 
ridges of resistant rook, were antecedmit to the stFuctures they croas, 
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wtm leti dofm upon them through the rejuvenation of n peueplaned 
ri^ion, or were later superposed upon them, Diserimination is in^por- 
tant because it may involve wide differences in the dates we infer for 
the ori^ of tlie nonadjusted streams. In either ease, we find in both 
lands of streams still anothra' evidence of the instability of the crust, 
and of the complexity of sculpture of the lands to which crustal move¬ 
ments give rise. 

Stream Capture; Wind Gaps. A water gap abandoned by the 
stream that cut it, and therefore left as a strcamlese notch in a ridge, 
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Fro. 331. DoUb Gap, West Virginia, a wmd gap in Npw Creek Mountam, an anticlinal 
ridge of resistant sandstone. The gaps shown in Fig. 319 and Fig. 331 are related to each 
other in the manner shown in Fig. 3^. 

is a wind gap (Fig. 331). Water gaps become wind gaps commonly 
as the result of capture of the gap-cutting streams by subsequent 
streams which, occupying bolts of weak rock, can erode very rapidly. 
This process is illustrated by Snickers Gap in the Blue Ridge of Vir¬ 
ginia 15 miles south of Harpers Ferry. The floor of this wind gap 
hangs 700 feet above the Shenandoah River at the west base of tho 
ridge. A small stream, Beaverdam Creek, heads at the east h^se of 
the ridge and flows easlji* During an earlier cycle the land around the 
base of the Blue Ridge stood as high as the floor of Snickers Gap, which 
Contained a transverse stream, the ancestral BeiiVerdam Creek {Fig. 
332). But the much larger transverse ancestral Rotomac River, which 
crossed the ridge 15 miles farther north, was abl^ to cut its gap down- 
T^ard much mor| rapidly into the resistant rocks #iat formed the ridge. 
The Shenandoah^^ a eubsequent stream tributary to the Potomac, was 
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tbefefey give* n relatively ateep gradient^ an4 ao lengfliened itti *vaH^ 
headward toward the souths wore down the divide that aepa^ted St 
from Beaverdam Creek, and raptured the latter by diverting its watc^ 
toward the Potomae (Fig. 333). Thus in eonsequenee the |^p wa(f 
abandoned, and the shortened ereek (the present Beaverdam Credc) 
was confined to the area east of the Blue Ridge. Aa the Shenandoah 
and the small streams east of the ridge continued to cut downward, 
the ridge was left standing in greater relief, with the abandoned gap 
high and dry. 

Some wind gaps may have been formed by relatively weak streams 
which, affected by folds and faults athwart tlieir courses, were able to 



FiOfi. ^32-333. Conversion of a water gap into a wind gap by sti'eam napture. Long 
dimension of block about 25 miles. Vertical dimension exaggerated. 


Fig. 332. Former drainage across the Blue Kidge in northern Virginia. 

Fig. 333. Present drainage resulting from beheading of Beaverdain Oeek by the subse¬ 
quent Shenandoah. Note inrre^ise in height of the ridge as the weak-rock areas adjacent 
to it are wasted away by erosion. 


maintain their original courses only for a time and were then forced 
to abandon them. On the other hand, some ridges have notches in 
them that were made by small streams and mass-wasting processes 
localized along transverse joints, faults, and other structures. These 
must be carefully distinguished from wind gaps. 

Stream capture like that outlined above occurs repeatedly during the 
adjustment of a large stream system to belts of weak rock. Capture 
occurs also in several other ways, two of which are explained on pages 
105 and 115. 

History or Complex Land Forms 

\ 

Thus far we have examined land forms sculptured by smne OM' 
process only, in simple rocks of simple structure during one or at most 
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ttnb cycles. In niany regions land forms iiave a more complex nrigia, 
l 9 ut still they can be understood by applying to tbeir study the same 
ininciples used in interpreting simpler forms. We can best understand 
these eomplex features seeing actual examples, and can begin with 
those characteristic of the Appalachians. 

HISTORY OF THE APPALACHIANS 

The central part of the Appalachian re^on as we see it today con¬ 
sists chiefly of long parallel ridges formed by the outcrops of resistant 



Fia 3<i4. Ideal segment of a part of the central folded Appalachian region. Tba main 
stream is nonadjusted, trenching seven ridges of resistant rock through seven water gaps 
iWrO). A former stream course, long abandoned, is indicated by a wuid gap {WdG). 
The present tributaries are subsequonts iSS). Control by three successive baselevels 
(Jf, S, 3) is indicated by accordant ridge tops, an accordant group of hilltops in the weak- 
rock belts, and the present stream profiles. Compare Fig. 318. 

rocks, such as sandstones and conglomerates, in a strongly folded sedi¬ 
mentary eeries (Fig. 334). Most of the ridges, though narrow, have 
even sumimts, broken here and there by water gaps (WtG) and wind 
gaps (WdG). The tops of the ridges reach a common plane (1, Fig. 
334), whereas the lowlands Fig. 334) between the ridges are a net¬ 
work of small hills whose summits are nearly accordant. They are 
drained by small streams which flow into larger meandering subsequent 
streams {SSS, Fig. 334) following the strike of the strata, and all the 
meanders are incised. The subsequents in turn are tributary to great 
streams that flow southeast indiscriminately across resistant-rock 
ridges and weak-rock valleys. These streams are the Delaware, the 
Susquehanna, and the Potomac. 

With these facts in mind, how much of the AppatacfaianR' erosianal 
history can we reconstruct? First, a period of ^ong defimnation, as 
revealed by the great folds whose erod^atumpO tk{^ar in (he ridges. 
Ikosion must have begun during tiii^fllplding and have %oatmued 
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thrc^x^oal At least sue leng Qrele, lesultiiig at length in a pejpqjlane, 
’Hiw we know because the resistant rocks in folded series have 
beveled domt nearly to a common plane. Of eoitfse these rocks did not 
exist as high ridges during the peneplane stage, but were merely gentte 
swells on a low gently undulating surface near sealevel Second, slow 
upbowing of the whole region, beginning a second cycle by rejuvenat¬ 
ing the streams, most of which, being already in weak-rock courses, 
excavated tlie weak rocks again, leaving the resistant strata once more 
projecting as ridges. The gap (T^dG) must have been converted from 
a water gap into a wind gap early in this second cycle, because its floor 
lies between tile altitudes of surfaces 1 and 2. Abandonment of the 
gap occurred probably through capture of the gap-cutting stream by 
a weak-rock subsequent (S; see also Figs. 332, 333). The new surface 
(2) was of more restricted extent because of the great quantity of re¬ 
sistant rock remaining unreduced in the ridges. Third, another up- 
bowing, rejuvenating the streams and causing them to incise their 
meanders and with the aid oT their tributaries to dissect their former 
valley floors (2) into the present network of small hills. 

Events of this kind, reconstructed through study of land forms, have 
occurred in the Appalachian region. Because geologists are not agreed 
as to the number of rejuvenations that have affected this region, the 
number shown here is not of essential importance. The underlying 
principle of successive rejuvenations is unaffected by the number of up- 
warpings that may have occurred. 

The main transverse streams (one of which is shown in Fig. 319) are 
not adjusted to the structure and have clearly been in this condition 
since before the date of the peneplane {1, Fig. 334). How they origi¬ 
nally acquired their transverse courses has not yet been fully estab¬ 
lished. Neither is there agreement as to the date at which each surface 
was formed, but the whole sequence of events from the folding of the 
strata down to the present required about 200 million years. 

It is evident that, in a region like that described, the highest ridge 
tops record a widespread peneplane, whereas the tops of the low hills 
record that at a later time only the weak-rock areas were reduced to 
form a surface close to baselevel. Hie difference between the higher 
peneplane and the lower “uncompleted peneplane" is only one of de¬ 
gree. Where the degree of perfection and the extent of a fonnar surface 
can not be inferred from the still-existing remnants of it, the con¬ 
venient thou^ somewhat ambiguous general term erosion surface % 
frequently applied. 
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BISTOBY OF THE FABIB BASIN 

la nortlisni France lies a regnnn composed of altematiag weak and 
resistant layers of marine Kediiointary rock bent down into a broad 
shallow eyncline and cosMdrrat'ly eroded. The outcropping edges of 
the resistant strata give the whole basin the appearance of a low stack 
of dishes, each dish smaller than the one underneath it (Fig. 335 1 . 



Fto. 335. The Paris Basin, developed in a shallow synrline. Each of the ontcroppiA^; 
resistant strata forms a prominent cuesta. The River Seme is shown with its partly 
adjusted tributaries. Length of front of block 200 miles. * 


Paris lies in the uppermost dish, which derives its title of lie de France 
from the fact that its rim was once believed to be a wave-cut cliff mark* 
ing the shore of a former island. The drainage pattern, like that of the 
Appalachians, consists of main streams (the Seine system) out of ad¬ 
justment with the symmetric structure, and tributary streams some of 
which are adjusted to the weak-rock belts beyond the edges of the re¬ 
sistant strata. 

Upon first examination one might infer that the edges of the dishes, 
like the synclinal trouts in Fig. 314, were the immediate consequence 
of the downbending. But the edges are beveled, the far higher and 
more resiistant ridges in the Appalachian rejgion! "^tbey are therefore 
remnants of a former peneplane and are not first-cycle forms but 
jSiecbnd-cycle fonps. The history of tbs region was somewhat as 
follows: 
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Altar the dedim^tary rocka were kid down in a fwnar eliallow fseA^ 
were gently bent so as to form « broad ^yndine tod w«4*e lifted' 
above sealeveL Erosion at length rechjsced 13ie entire area to a p^se*' 
plane, bev^eling weak and resistant ro^kc« alike. On ^spenepiened mt* 
face the major streams followed tlic no.>ntdj^T»ted courses they have at 
present, although how they a^uired these courses is not certain. 

The penepkne w^as then bent upward, and the streams were rejuve-* 
nated, causing the headw'ard growth of a new generation of valleys 
along the weak-rock belts, forming a right-angled drainage pattern. 
Excavation of these valleys left the resistant rocks standing in relief 
as cuestas, which differ from hogbacks (p. 4S6) only in that tiiey ar^ 
formed by gently dipping instead of steeply dipping strata. 

The growth of subsequent streams has resulted in partial adjustment 
of the streams to the weak^rock belts; but the major streams still 
pursue the nonadjusted courses they inherited from the peneplane re* 
corded by the beveled tops of the cuestas. 

The concentric arrangement of cuestas brought about by the basin¬ 
like structure gives the French capital a unique series of natural forti¬ 
fications. Furthermore, because of variations in the dip and character 
of the strata, cuestas are more strongly developed on the east side of 
the basin than on the west. This arrangement was of great advantage 
to the Allied armies on the Western Front during World War I, because 
it presented a series of difficult natural obstacles to the armies of the 
Central Powers, advancing from the east. 

HISTORY OP THE BLACK HILLS 

The Black Hills in southwestern South Dakota (Fig. 336) are a 
mountain mass 100 miles long and 50 miles wide. The highest peaks 
stand 4000 feet above the surrounding territory. The center consists 
of a core of ancient metamorphic and igneous rocks locally cut by much 
younger igneous intrusions. Belts of sedimentary rocks chiefly of 
marine origin cut by the same intrusions are arranged symmetrically 
around it, dipping away from the central mass and neatly framing it. 
The frame of sedimentary rocks is made more distinct by the iact that 
the upturned edges of the more resistant strata form hogbacks mA 
cuestas whose scarps face the central mass. The lowlands between the 
cuestas are drained by subsequent streams, which in turn are tributary 
to larger streams that radiate outward in all directions, cutting water 
gaps through the cuestas. The hogbacks and all but the highest ndm 
and divides on the central mass are beveled by an erorion surface 
sembling an imperfect peneplane. Here and there remnants of a cmee 




Ftg. 33tf. Perspect$ve vttw of tbt Black Hills, looking north Tht drawing has 
bttn pulled apa^t to show, in much gmtrali%td form, the geologic structure along a 
west-east line through its middle part. Length of geologic section about 90 miles. 
The Hills are seen to be developed on a large dome, breached, and surrounded by 
hogbacks and cuestas made by outcropping resistant sedimentary strata. 


continuous veneer of stream-deposited conglomerate, sandstone, and 
shale lie unconformably upon it. 

From these data we can reconstruct the chief events in the history of 
the Black Hills. In shallow seas that formerly covered the entire area, 
the marine sedimentary strata were built up on the surface of the 
ancient rocks. The whole mass was then arched up into the form of 
a great dome. The arching was accompanied by fctrusions of magma, 
some of which formed small laccoliths, maldng saibfiMiiary domes in the 
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qf whicK Biigrati^ steadSy outf^ard down the dip of tiie B^teata ab 
ei^oa oontimied, thoa laying bare more widely the eeniral eofo, 

The cycle begun by the npdoming nestiUed at length in the reduction 
of the area to an incomplete erosion surface truncating the dome, and 
leaving a central group of monadnoeks competed of the ancient base¬ 
ment rocks. While the erosion surface was being cut, the streams dc'^ 
posited gravel and sand upon it, shifting their courses and gradually 
building up a blanket of duvial sediment that covered the surface. 

A second updoming rejuvenated these streams, and as they cut down 
once more they became superposed from the unconformable cover onto 
the more complex structure below. If we disregard minor rejuvenations 
recorded by strath terraces, we may say that tlie streams are still in 
the cycle started by this uplift, and that they have thus far only par¬ 
tially adjusted themselves to the weak-rock outcrops on the surface on 
which they were superposed. Bits of the erosion surface are preserved 
at the tops of many of the divides, some of them still capped by ragged 
remnants of its unconformable cover. 

The history of the Rocky Mountains in Colorado and Wyoming is 
similar in many respects to the history of the Black Hills. The evolu¬ 
tion of the Rockies has been complicated, however, by the introduction 
in the higher ranges of a cycle of valley glaciation (p. 188) now in its 
waning stage Glacial sculpture has imparted a serrate skyline to the 
high Rockies which is lacking in the nonglaciated Black Hills. There 
is evidence that the evolution of both the Rockies and the Black Hills 
from their folding to their present condition has required some 60 mil¬ 
lion years. 


DISSECTED plateaus; THE GRAND CANYON REGION 

The land forms of the Grand Canyon region, although sculptured 
from structures much simpler than those of the Appalachians, the Paris 
Basin, and the Black Hills, are more impressive because of their great 
size The initial land mass which is being carved up is a great plateau 
that extends over much of Utah, Arizona, New Mexico, and western 
Colorado (Fig. 289, p. 451). The underlying rocks consist of both 
marine and nonmarine sedimentary strata that have been lifted thou¬ 
sands of feet with little deformation. Here and there the nearly flat- 
lying beds are interrupted by faults and flexures of minor significance 
compared with the plateau mass as a whole. 

The surface of the plateau in the vicinity of the Grand Canyon is ^ 
well-developed erosion surface that bevels the minor irregularities id" 
the strata. Into this peneplaned surface the Colorado has incised its 



PHraiCAL GKItOOY 


m 

290) f with a course not adjusted to the structiire repre- 
se^ed by the flexures and faults. On the peneplane the stream evi- 
daitly followed this course, in which it persisted when the surface was 
bent broadly upward to form the pla4^eau^ The cause of the discordant 
course upon the peneplane is not certainly known. The uplift of the 
peneplane to a height of 6000 to 8000 feet above sealevel began the 
present “canyon cycle” of erosion, during which the rejuvenated Colo¬ 
rado has cut a gash locally more than a mile deep and 220 miles long. 
In spite of the tremendous depth of excavation, the canyon cycle has 
not yet progressed beyond the stage of youth. The tributaries have not 
worked far headward from the main stream and have succeeded in 
making but little impression on the vast plateau surface. Near the 
river, where dissection is greatest, divides between the tributaries have 
been reduced to narrow spurs, and some of the spurs have been carved 
up into huge strings of pyramidsj^y mass-wasting graded to the tribu¬ 
taries (Fig. 290). Many o'f the pyramids are of mountainous size and 
would certainly be described as mountains if their origin as detached 
remnants of the near-by plateau were not so obvious. 

The excavation of the canyon after the uplift of the peneplaned mass 
may not have required much more than a million years. After a far 
greater time has elapsed, however, the tributaries will have cut their 
valleys so far headward as to car\’’€ the plateau into a network of ridges 
and residual remnants, destroying the identity of the plateau and con¬ 
verting it into an intricate maze of buttes and spurs of mountainous 
size. 

This process gives us a key to the origin of many masses commonly 
described as mountains, such as the Catskill Mountains, the Allegheny 
Mountains, and the mountains of central Idaho. In the first two the 
rocks are essentially horizontal strata, whereas the rocks of the Idaho 
mountains arc chiefly massive granite. In all three regions, however, 
the summits lie near a common plane. It is evident that such masses 
as these are merely dissected plateaus (p. 453). 

HISTORY OF THE GREAT LAKES REGION 

The Appalachian region, the Paris Basin, the Black Hills, and the 
plateaus of the Grand Ganyon region show us that two or more cycles 
of erosion have had a hand in the modeling of mii&y of the land forms 
of today. In each of the four regions described^ tbl cycles were brought 
to an end by rejuvenation; permitting the same piNjoess, fluvial erosion, 
to operate on them anew. The Crreat Lakes xepon*^ on the contrary, has 
bad a different hSetory. The region ifts a whole is a great plain whose 
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surface ecnasistfl chiefly of glaeial drift left by the tavasiou of’'broad ioe 
shee^ (p. Idl). The plain is inteimpted by the basins of ^ sev^ 
Great Lakes. The drift (Fig. 130, p. 187), althou^ very thick iri aoine 
places, is so thin elsewhere that it fails to mask the topography of the 
bedrock beneath it. 

From a study of this topography, supplemented by data gained from 
the records of thousands of well-borings, we can reconstruct the land*^ 
scape as it was before the ice sheets flowed slowly down from the north 
and covered it. The elongate basins now occupied by the lakes were 
then large stream valleys belonging to one or more well-developed sys¬ 
tems fed by an intricate network of tributaries. The topography, m 
a stage of late youth or early maturity, may have resembled that of 
central Kentucky and Tennessee today. If glaciation bad not occurred 
this region would have continued to evolve through the cycle on which 
it had begun. 

But the advent of the ice sheets introduced a second (glacial) cycle, 
during which the former large stream valleys were converted into lake 
basins by a combination of glacial erosion, local warping of the crust, 
and the heaping up of glacial dcpc^ts to form dams. When the ice 
sheets melted they left the surface so profoundly altered that a third 
(fluvial) cycle was instituted. The principal valleys of the former 
stream system were filled with glacial deposits, and many of them were 
entirely obliterated. The runoff was forced to follow courses conse¬ 
quent upon the newly made surface, substituting a new drainage pat¬ 
tern for the old. 

The Great Lakes region therefore affords an example of a three-cycle 
development of a group of land forms in which the second and third 
cycles were introduced not by rejuvenation but by change of process. 
The glacial (second) cycle has left an impress upon the present (third) 
cycle that can not be obliterated for a long time to come, because even 
though the glacial deposits should be completely removed by erosion, 
the streams developed on their surface would ine\ntably be superposed 
on the underlying bedrock, with which they would be out of adjustment. 
The former presence of the unconformable cover could therefore be 
inferred even though it had been entirely stripped away. 

Conclusion 

The foregoing discussion brings out the fact that land forms are 
response of the surface of the land to various processes acting for vari>£ 
ous lengths of time upon various kinds of rocks having various strue^ 
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tureis. Alter one of these factors and the resulting land forms will be 
different. The process factor delude chiefly on climate. Thus a 
change from a moist climate to a dry climate may cause the develop¬ 
ment of interior drainage, change the dominant type of mass-wasting 
frmn Boil creep to talus creep^ and increase the efficacy of the wind as 
an agent of erosion, whereas a change from a temperate climate to a 
cold climate may freeze the water into perennial ice and bring on a 
cycle of glaciation. 

The general character of the rocks likewise is of vital importance 
to the land forms modeled by any of the erosional processes. For 
example, the landscape sculptured from a mass of weak rocks elevated 
only slightly above the sea can never acquire bold relief even in ma¬ 
turity, because gradients are small at the outset. On the other hand, 
resistant rocks lifted high above sealevel will be cut by valleys with 
steep gradients and steep ^sidewalls, which yield very slowly to the 
changes wrought by erosion during the progi’ess of the cycle. 

Thus it appears that the seemingly unending variety of landscape is 
controlled in reality by comparatively few factors, and that variations 
in these factors result in the differences in scenery that lend enjoyment 
to travel and add to the value of human existence. 
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MINERAL RESOURCES 
Relation of Mineral Resources to Geology 

Modern civilisation is strikingly dependent on mineral products. 
The mineral industry is second in importance only to agriculture. The 
world’s mineral resources were more heavily drawn upon in the first 
quarter of the presfflit century than in all previous history. The re¬ 
sources are being consumed at ^n unprecedented rate. Practically, 
this draft on our mineral resources means that the known deposit are 
being rapidly depleted and that in order to maintain the high rate ol 
production new deposits must be discovered fast enough to keep pace 
with exhaustion. The depletion of our domestic mineral resources was 
greatly accelerated by the enormous demands of World War II. 

The easily found mineral deposits of economic value have already 
been discovered, so that more ingenuity and more work are necessary 
to find new deposits. Therefore the cost of discovering new deposits is 
steadily rising. It is the counsel of prudence, then, to enlist all possible 
aids to minimize the financial risks of exploration. The application of 
the principles of geology to the search for valuable mineral deposits is 
one of the main functions of economic geology. Powerful auxiliaries 
to aid in this search have been developed, notably the seismograph for 
"seismic prospecting,” the torsion balance, and other geophysical in¬ 
struments. We call these instruments auxiliaries advisedly, because the 
results obtained by means of them must be interpreted in the light of 
the geology of the area examined before they can be practically used in 
finding valuable mineral deposits. 

More important even than the aid given by applied geology in. find¬ 
ing new deposits is the power it gives to guide intelligently the develop¬ 
ment and exploitation of the deposits already foqnd. 

A mineral deposit of economic value is a ooms^fa^ated body of sub- 

of the Earth. A coal bed is made up of earixtt tliAt has been concen¬ 
trated by ihe photosynthetic po^ of from the carhon dioxide 
thinly diffused thipu^out the atmosjAera^^ oil pool is an accumula- 
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of peti^teuin gooerated from c&risoiiacedius mottor tiiioly fio&ttexod 
throng Bedim^tary atratai an irw-e^re deposit ie a conoeft** 

trato of iron that was disseminated through the Earth's crust. The 
problem of how valuable mineral deposits have been formed is in es^ 
senee, then, the problem of how the scattered material vras assembled. 
It is mainly from this point of view that the following account is writ¬ 
ten. All the major geologic processes—^including igneous action, sedi¬ 
mentation, metamorphism, weathering, and stream transportr—‘have 
under certain circumstances brought about valuable concentration of 
minerals. 

CoAiL 

Coal is the chief mineral fuel. The per capita consumption in the 
United States, having risen from 2.5 tons per year in 1890, has recently 
shown a tendency to become stabilized at 5 tons per year. Although 
coal is a far more prosaic resource than gold or the industrial metals, it 
vastly outdistances them in value. The Pittsburgh coal bed is the most 
valuable single mineral deposit in the world. In Pennsylvania alone it 
has already yielded $6,850,000,000. Nearly 4000 million tons of coal 
have been mined from it in Pennsylvania (without including West Vir¬ 
ginia, Ohio, and Maryland), and in 1948 it still contained in Pennsyl¬ 
vania 6800 million tons of recoverable coal. 

Occurrence and Nature of Coal. Coal is a compact mass of car¬ 
bonized plant debris. Peat, the embryonic form of coal, has already 
been described as to mode of origin (p. 155). It ranges from a brown to 
yellowish matted mass of interlaced fibrous vegetal matter, greatly 
resembling compressed tobacco, in the upper part of the accumulating 
bed, to a dark brown or black homogeneous mass, much resembling 
clay when wet, in the deeper, lower part. Between peat and the most 
mature coal, anthracite, there exists a complete scries of gradational 
varieties of coal. This gradation led to the conclusion that coal, no 
matter how structureless and amorphous it may appear, consists of 
carbonized plant remains. This conclusion has now been fully con¬ 
firmed by the results of modem microscopic study, which show that 
coal is not amorphous but consists of plant debris in various stages of 
alteration. Fragments of wood, bark, leaves, roots, spores, seedcoats, 
and lumps of resin can be recognized in coal. Even in sucti highly car¬ 
bonized material as anthracite the plant ingredients can be made visUi3j| 
and, unexpectedly enough, are found to be so well {^reserved that th^ 
species of many of the plants can be identified, 
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Ooal oeistiiB ae beds, which as a lule are inclosed between sandstones 
and shales (Fig. 337). The occurrence of coal in strata of this kind 
ha^nonises with other evidence that the vegetal matter from which 
tiie coal was forsffid accumulated in swamps. Limesttmes are rare, 
either immediately above or below a coal bed. Where they do occur, 
they indicate that the swamp was near the sea and at sealevel and 
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Fiq. 337. Coal bed, 8 feet thick, containing two clay partings. Glendive, Montana 

therefore likely to be inundated by the temporary incursions of the sea 
During such an incursion the coal-forming debris becomes buried under 
marine sediments. This has happened many times during the making 
of the British coal fields. Many important coal fields, howeveti such 
as the Saar, extending from Lorraine eastward into Getmany^ were 
formed in inland basins. 

Most coal beds are underlain by a layer 4>f »olay, the underclay, 
which, because it contains the roots of planta^ is ii^terpreted as a fossil 
soiL Stumps of large trees, whose i*oot syistaais l^etrate the under¬ 
clay, are abundant in some coal fields. These features support the pre¬ 
vailing idea that most coal beds have been formed from plant matter 
that accumulated where it grew. 
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Tilickiiesa of Coal Bieds. Coal beds i^zige from bardly more than a 
caiboDaceous film to hundreds of feet in thiekness. Some am of small 
extent^ but others persist over thousands of square miles. The bituim^ 
nous eoal beds in Pennsylvania (about 60} range up to IQQ feet in 
thickness; but most of them are from 1 to 4 feet thick. About ten are 
extensively mined. The anthracite beds on the average are much 
thicker, the thickest bed being 114 feet, of which 105 feet is clear coal 

In Germany some of the beds of brown coal are more than 300 feet 
thick. 

Chemical Composition of Coals. The composition of a coal is cus¬ 
tomarily ascertained in determining its value as a fuel, and in the 
ordinary analysis the following constituents are reported: (1) fixed 
carbon, the carbon that is left after the volatile matter has been driven 
off; (2) volatile matter, mainly combustible hydrocarbons ('^gas”) but 
including some inert gases, such as carbon dioxide; (3) moisture; (4) 
ash; and (5) sulphur. The heating value of a coal depends on its con¬ 
tent of fixed carbon and volatile combustible matter. Moisture, ash, 
and sulphur are undesirable ingredients. 

Coals containing much ash are said to be low grade. The better- 
grade coals carry less than 10 per cent of ash. 

Classification of Coals by Ranks. Coals are classified according to 
ranks on the basis of their fixed-carbon content and their physical 
properties. Four groups of coals arc recognized, in order of increasing 
rank as follows: I, lignitic; II, subbituminous’^ III, bituminous, and IV, 
anthracitic. There is a continuous gradation from the lowest-rank to 
the highest-rank coal; consequently the divisions between them are 
necessarily arbitrary. 

The lowest-rank coals are the lignites, so called in reference to their 
obviously woody appearance, or brown coals, in reference to their color. 
These immature coals when taken from the mine may appear to be per¬ 
fectly dry, yet they contain 30 to 40 per cent of water. On exposure 
they lose most of this water; they slack and crumble to pieces and be¬ 
come dangerously subject to spontaneous ignition. 

SubbituminoTis coals constitute the next higher group. Their black 
color and lack of woody structure distinguish them from lignites, and 
their tendency to slack distinguishes them from the bituminous coals. 
The next higher-rank coals are the bituminous. They do not slack on 
exposure. They generally have a layered or “banded” structure and 
show a cross-jointing—a prismatic jointing perpendicular to the baiak^ 
ing. The low-volatile members of this group comprise the coals of 
highest calorific value, surpassing even the anthracites. 
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The highest-rank coal is anthracite, distinguished physically froni 
bituminous coal by its conichoidal fracture and absence of cross-point¬ 
ing. Water and volatile matter are extremely low^ and nearly all the 
carbon is fixed carbon. Anthracite because of its low volatile content 
is smokeless during combustion; and this feature together with its 
cleanliness makes anthracite the ideal coal for domestic use. 

The increase in the rank of a coal, then, is marked by progressively 
larger content of fixed carbon and by decreased content of water and 
volatile matter. 

Relation between Rank and Geologic History of Coal. Coal has 
been formed in all the geologic periods since the Devonian, when a flora 
first became established on the lands. Most coal was formed in forested 
swamps. The requisite conditions for a coal bed to form are at least 
two; (1) the swamp must be stagnant, hence poorly ventilated, thus 
preventing the plant debris froiU'oxidizing tu carbon dioxide; and (2) 
the swamp must be slowly sinking, thus permitting progressive accumu¬ 
lation of the plant remains. 

The nature of the environment in which a coal bed was formed is 
inferred from the botanical character of the coal-forming flora and 
from the character of the inclosing sedimentary strata. For example, 
the Eocene brown coals of Germany were formed under tropical condi¬ 
tions, as inferred from the presence of rubber-bearing trees, whereas 
the younger brown coals of Germany, since they contain much conif¬ 
erous wood (Sequoia), evidently accumulated under conditions differ¬ 
ing greatly from those of the older coals. Modem analogues of coal- 
forming swamps are the warm-temperate Dismal Swamp of Virginia 
and North Carolina, a cypress swamp originally 2200 square miles in 
extent; the subtropical Everglades of Florida of 10,000 square miles; 
and the dense mangrove coastal swamps of tropical Sumatra and north¬ 
eastern Borneo. 

Plant matter changes into coal in two stages, a biochemical and a 
geochemical. The biochemical stage consists of a bacterial fermenta¬ 
tion (p. 155), which sooner or later is arrested by the toxic products 
formed during the bacterial activity. The substances of which the 
plants are composed, a dozen or so, are destroyed during this fermenta¬ 
tion in a definite order: the protoplasm, the most^a^nsitive, disappear¬ 
ing first, and the waxes and resins, the mo$t re^lltant, last. Accord- 
the duration and intensity of the biochemical stage determines 
how much of the various plant substances becom^ the ingredient ma¬ 
terial of the future coal. Tlie cennpositien thue acquired influences 
somewhat the later history of the ooaL 
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The ^dlumges in the cMSdl are tended geoohemif?al, because 
are brought about hf geolo^e activitie& Tim^ woB i^garded( lonuerly 
ae an importcint factor in caiiaing coal to advance in rank. However, 
one of the oldest coals, near Moscow in B^iissia, some 300 million years 
old, is still in the condition of lignite. Much evidence indicates that 
coal matures rapidly, geologically considered. In nearly all coal fields 
the deeper coals contain less volatile matter and ibore fixed carbon 
than the upper beds. This relationship is known as Hilt’s law, but the 
rate of increase in fixed-carbon content differs in different fields. It is 
probably a geothermal effect, as previously pointed out in Chapter 17. 
Folding involving internal deformation within the coal bed is ap¬ 
parently necessary to bring about advances to the higher ranks. An¬ 
thracite generally occurs in strata that have been closely folde<L How¬ 
ever, coal beds have been acutely folded without change in rank, prob¬ 
ably because of insufficient confining pressure to cause metamorphism. 
Under severe deformation, as in Rhode Island and the French and Swiss 
Alps, the coal tends to become graphitic and hence incombustible. 

Coal, then, is sensitive to metamorphism; in fact, it is far more sen¬ 
sitive than other rocks in the Earth’s crust and gives evidence of meta- 
morphism long before the associated strata sho\^ any effects. By means 
of chemical analyses the changes in the coals brought about by meta- 
morphism can be determined accurately; and, as many analyses of 
coals are available in most coal fields, regional variations in the in¬ 
tensity of metamorphism can be shown on a map. 

Where coal and oil occur in the same area, practical use is made of 
coal as an indicator of metamorphism in the search for oil. Experience 
has shown that, in those tracts where the coal has been devolatilized so 
that the fixcd-carbon content exceeds 65 per cent, oil is not likely to be 
found, and exploration in the direction of increased fixed-carbon con¬ 
tent is therefore unprofitable. 

Coal Reserves of the Nation. The extent of our unmined coal re¬ 
serve is a matter of great national interest. In computing the amount 
of this reserve several assumptions must be made—and should be 
clearly pointed out so that the estimate will have definite meaning. 
Some of these assumptions are (1) the extreme practicable depth of 
mining, here taken to be 3000 feet; (2) the minimum thickness of the 
coal beds that can be included in the estimates; (3) maximum ash con¬ 
tent permissible—30 per cent is the figure adopted, which admittedly 
includes very low-grade coal. The national reserve of coal is estimated^ 
to be 3500 billion tons. Some 700 billion tons more are estimated to lie 
below the surface from 3000 feet to 6000 feet. The staggering total, 



FHV8IC14L GEOLOGY 


m 

^00 billioa ionB, will last for e^veral thousand yBars, on Hie asaump- 
tkm tibat Hie present rate ht consumption will continue. The hi^er^ 
rank ooals^ especially those close to industrial centers, are likely to be 
exhausted, however, in the foreseeable future. 

At the present time the coal reserve is regard^ as constituting our 
most likely substitute reserve for petroleum when our petroleum re-- 
serves are exhausted. Coal can be liquefied to yield a crude petroleum, 
and this can be distilled to yield gasoline. According to present knowU 
edge the coals most suitable for this processing—^hydrogenation—arc 
those of subbituminous rank (800 billion tons, equivalent to 800 billion 
barrels of gasoline), practically all of which are in Wyoming, Montana, 
and the Dakotas. 

Oil and Gas 

Oil, or petroleum as it is more^ formally called, consists of gaseous, 
liquid, and'solid hydrocarbons in mutual solution. As there are many 
of these hydrocarbons (compounds of carbon with hydrogen) and as 
they are mixed in various proportions, the oils differ markedly in the 
various oil fields. A distinction is commonly made between lixfht oHs, 
those much lighter than water, and heavy oils, which are near water 
in specific gravity. The light oils have a higher content of gasoline 
than the heavy oils. As the gasoline content influences the commercial 
value, the light oils command a higher price per barrel than the heavy 
oils. 

Requisite Conditions for the Occurrence of Oil. Four conditions 
must be fulfilled in order that oil can accumulate in the rocks. First a 
source rock must be present which contains the necessary carbonaceous 
matter from which the oil can be formed. Apparently it is necessary 
that this carbonaceous matter should consist of plant remains of a 
special kind high in hydrogen, such as spores, which thus supply the 
hydrocarbons of which petroleum is composed. As a result of experi¬ 
ence it appears that marine bituminous shales are the most common 
source rocks; limestones are rarely source rocks. Why rocks of fresh¬ 
water origin should not give rise to valuable accumulations of oil has 
not yet been ascertained, but the fact of their unfavorable nature is of 
great practical interest, for it excludes from eonsid^ation areas under¬ 
lain by such strata because tliey are most unlikeljrto contain valuable 
accumulations of oil. 

The sec<md requisite is a reaertmt^rock in whichoil can accumu¬ 
late. Most commonly the reservoir imik consists of sandstone, whose 
pores are large enii^gh to allow the tM to nidve freely through it. Less 
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coniiBonly^liiiiestone and doloiaite i^erve as teservoilr rocks* In sand* 
stoned tho avmge pore spaceie 15 per cent^ ^nd the range is irom 5 tjo 
40 pot cent; in other words, a sandstone of maxinp itiTn porosity ean bcdd 
eight times as much oil as one of minimum porosity. 

The third requisite is a favorable structural arrangement of tiha 
strata^ which is the condition that determines the place where the oil 



Modified from Hewdl and Lupfon, U* 8. Oeoiooiedl Burvau 

Fia. 338. Gas, oil, and water as they occur in an anticline. Gas, being the lighte^t^ 
occupies the crest of the arrh; oil, being heavier, lies below the gas; and water, the heaviest 
of eJI, is at the bottom. 


collects in the reservoir rock. The simplest form of such a favorable 
geologic structure is an anticline. It was the first structure that was 
recognized as controlling the accumulation of oil, but now nearly 
twenty kinds of structural traps are known to occur in the world^a oH 
fields. 

The fourth requisite is an impervious layer, generally shale or clay, 
which overlies the reservoir Stratum, and which with the structural 
arrangement forms a structural trap in which the oil is held. 

All four conditions are fundamental for the occurrence of oil; without 
any one of them commercial accumulations of oil are impossible, In^ 
asmuch, however, as structure controls the actual underground position 
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jof ml aceusaulstion, and therefore in geologic practice the structure 
ie as accurately as possible in advance of putting down a 

well, the structural requisite is of major practical importance. The 
mode of occurrence of oil in an anticline is shown in Fig, 338. 

If, because of insufficient pressure, free gas occurs with the oil (under 
heavy pressure all tlie gas would be dissolved in the oil), there will be 
this triple arrangement: gas fills the pore space in the reservoir rock in 
the arch of the anticline; below it oil fills the pore space in the reservoir 
rock; and below tins occurs water, generally so charged with salts as to 
be termed a brine. The fluids are thus arranged according to their 
specific gravities: the brine, which is heaviest, is at the bottom; and 
the gas, which is lightest, is at the top. The oil that fills the pores in 
the body of porous rock forms what in popular parlance is called the 
“oil pool.” 

^ If the sedimentary strata contam no water, the oil instead of occupy¬ 
ing the crests of the anticlines occurs in the bottoms of the synclines. 
Numerous favorable traps have resulted also from movements on faults 
that have brought impervious against pervious strata. 

Recognition of the requisite conditions governing the accumulation 
of oil makes it possible to block out in a given territory those areas that 
do not contain oil and those that possibly contain oil. Areas of igneous 
and metamorphic rocks, except under most exceptional conditions, con¬ 
tain no petroleum, and areas of nonmarine strata, although they may 
contain oil, are in general highly unfavorable. Finally it must be 
pointed out that, although areas likely to contain oil can be found by 
the skilful use of geology, with or without geophyfiScal aid, the actual 
presence of oil can be proved only by putting down a drill hole and 
tapping the oil. 

Stratigraphic Traps. In 1930 the East Texas field was discovered, 
the greatest oil field ever found. Up to January 1, 1948, it had yielded 
2480 million barrels of oil, and the recoverable oil still in the ground 
was estimated to be 2500 million barrels. The magnitude of the East 
Texas field can be appreciated when we consider that an oil field is 
regarded as a major field if its total yield xs 20 million barrels. The 
conditions that governed the accumulation of the oil in the East Texas 
field differ notably from those in structural trups. The oil occurs in 
the wedge ends of sandstone layers that are at an acute angle 

by an unconformity; it was trapped in the wedge ends of the 

sandstone layers where they are eovered by impeccable beds of the 
oYerlying unconformable forma^on (Fig. 339). Such an oil-bearing 
reservoir is termW a stratigraphic trap* 
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It is belieViKl that the future trend in oil-finding technique will be to 
develop the ability to find more stratigraphic'traps, for the more ob”^ 
vious structural traps have mostly been discovered. 

Xflfa of an Oil Well, The gas, oil, and salt water in an oit-beaiing 
structure, such as shown in Fig. 338, have in the course of geologic''" 
time attained an equilibrium. As soon as the top of the structure is 
perforated by the drill this equilibrium is violently disturbed, and the 
disturbance spreads radially from the well. At first the well produces 
gas; then it becomes a gusher or flowing oil well; later it has to be 
pumped; and finally salt water appears with the oil, presaging the ex- 



Fig. 339. Stratigraphic trap, showing oil (shaded pattern) ocourruig in the wedge 
end of a sandstone bed (<S) below an angular uneonformity. Length of block is about 
3 miles. 


tinction of the well. In many oil fields withdrawal of the gas causes 
the oil to move to the upper part of the structure, and the water follows 
up after the oil. 

Oil, being a fluid, moves readily in the direction of decreased pres¬ 
sure. Consequently it recognises no property lines, and if the pool is 
under divided ownership the first wells that tap the reservoir drain not 
only the oil within their own tracts but also, if situated near the prop¬ 
erty lines, the oil from the adjacent tracts. If the owner does not take 
out his own oil, his neighbors will. This fact accounts largely for the 
close spacing of wells in certain fields (Fig 340) and for the wasteful 
overproduction that ensues soon after the discovery of a new field. 

Coarsely porous rocks yield their oil freely and give rise to Extremely 
productive gushers (Fig. 341). But the wells become exhausted rap¬ 
idly—* fast life and a short one go together here. Finely porous rocks 
hold on to their oil tenaciously and bo prolong the life of a well into 
old age. The record-breaking Mexican wells, the most spectacular of ^ 
which yielded as much as 260,000 barrels a day, drew their oil from^^ 
limestones, which like most limestones contained solution channels and 
cavities. The oil therefore escaped with enormous rapidity mid gave 
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Fig. 340. Sig^l Hill oU field, jwthem Califamia. 


the Welle tboir astounding yields, and for the same reason their period 
of production was short. 

Function of Gas in Oil*Field Operation. The chief gas associatiMl 
with oil is methane, CH 4 , the simplest of all the hydrocarbons. This 
gas and other allied gases, collectively called '‘the gas,^’ are dissolved in 
the oil under heavy pressure. The great importance of this natural 
gas in the eflGcicnt operation of an oil field is now fully appreciated. In 
most fields it is the chief agent that brings the oil to the surface: it 
drives the oil to the well and lifts it to th<^ surface; it reduces the 
viscosity of the oil and the tenacity with which the oil is held in the 
pm*es of the rocks. This tenacity is so great that after an oil field is 
'^exhausted,” that is, after it ceases to yield oil by^pwpijigi ^ost of the 
oil, generally as much as 75 per cent or even 85 pti cent, is still under¬ 
ground. Less oil is left in the ground if the g^^eonlent is properly 
utilised. The more efficiently the-gaa is ^^Smaller tha number 

.of cubic feet of gas that is required to^teing aAarrel of oil to the 
surface. 
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gte haa th»e kaports^t fuoeUoas aad &ecsus$iite 
draia^ fr<w any part of an oH poof aventuaif^ affect prcsenaB con^ 
tiona IhriKighout the whole pool, some states have mh^e it unlawful ^ 
wakte the gas content of an oil pool. An oil ^ol is a natarahaniti, and 
to optwate it most efficiently and to obtain the msximvm lecovety of 
it mast be operated as a unit.. ‘ 
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Fia. 341. Gusher in Sunset oil field, California, shortly after oil was struck. 

It is common practice in some fields to pump back into tlic ground, 
through wells otherwise not in use, gas that comes to the surface un¬ 
avoidably in the recovery of oil. This operation is called represguring. 

Geophyaxcal Prospecting. One of the most remarkable of the seven 
major oil regions of the United States is the Gulf Coast field of Louisi«- 
ana and Texas* The oil is associated with cylindrical or steeply conica^ 
masses of rock salt which, forced to flow plastically under heavy pres^^. 
sure, have punched their way up from unknown depths throu^ the 
overlying sedimentary strata. These masses are turned phigs, and 
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s(H»t of ^sxa are a mile or bo in diameter (Fig. Z4ll). The tops of «mie 
e#the salt plugs 6re praetically at the surface, hut many of them are 
deep below the surface. Oil occurs in association with salt plugs in 
thr^ kinds of laaps: (1) cap rock, a peculiar rock made of calcite, 
gypsum, and anhydrite occurring as a capping over the tops of the salt 
plugs; (2) flanking sands, abutting upon and cut off by the salt p}Ug; 



Fiq. 342. Salt plug and enveloping beds, showing the occuiTenee of oil (black shaded 
pattern) in the flanking beds. 

and (3) supercap sands, the sandy strata that arch over the tops of the 
plugs, forming structural domes. Few of the salt-plug fields, however, 
produce oil from all three structures. 

The first of these oil fields to be brought in was the famous Spindle- 
top, near Beaumont, Texas, discovered in l&Ol. Sj^dletop is a careulat 
mound rising 65 feet above the otherwise'level monotony of the Gulf 
coastal plain. The top of the salt plug is at a depth of 1100 feet, and 
the mound at the surface appears to haa^p to a renewed up¬ 

ward push by the salt below. Manyhowever, are without 
mounds or any other indication at th^ aunaee they are present at 
depth. ■ ' 

In recent ye^s, geophysical meiboda have bei^ used with brilliant 
success in locating these hidden sali^^ugsL In the various geo- 
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physical methods depend on the fact that the physical propeitiea oC,;^ 
salt differ greatly from those of the surrounding rocks. The s^dsme^ 
graph <p. 404) began to be used in the Gulf Coast region in 1924 and 
has probably been the most successful of the several geophysical melh-^ 
ods employed, though the torsion balance^ an extraordinarily sensitive 
instrument for measuring variations in the value of gravitational at-* 
traction, is more accurate for detailed work. The seismic method as 
applied to salt-plug traps depends on the fact that earthquake waves 
travel three times as fast through salt as through the adjacent strata. 
Artificial tremors are induced by exploding charges of dynamite, and 
the rate at which the resulting elastic waves travel is determined by 
appropriately located seismographs; those waves that travel for part 
of their course through a salt mass have the shortest travel times. As 
a result of growing experience the methods have rapidly improved. 
Depths can be determined by measuring the reflection of the ivaves. 
During the early years of seismic prospecting the effective working 
depth w^as 2500 feet, but it has now increased to 15,000 feet or more. 
The Gulf region has been “reshot*' three or four times to locate the 
favorable oil-bearing structures formed by the deeper salt plugs. 
Whereas the discovery well at Spindletop was brought in at a depth of 
1100 feet, oil is now being obtained from wells as deep as 13,000 feet,^ 
and a few exploratory wells, “wildcats” as they are called by oil men, 
have penetrated to still greater depths, the deepest being nearly 18,000 
feet. Geophysical methods wore first used in the Gulf Coast region in 
1924, and in the next 4 or 5 years as many domes were found as had 
been foxmd in the preceding 30 years. 

The methods of geophysical exploration have been so greatly im¬ 
proved that they can be used to find promising structures of many 
kinds. They are now being used all over the world in the search for 
new oil fields. A remarkable development in recent years is the cam¬ 
paign to find oil by these methods under the water of the Gulf of 
Mexico adjacent to Texas and Louisiana, as far as 50 miles from shore. 
Several '^fields” have so far been found. 

The developments in seismic methods for underground exploration 
illustrate the reciprocal influence of pure and applied science. The seis¬ 
mograph was devised to study the transmission of earthquake waves, 
without thought of practical application. After it began to be used in 
a large way in the search for oil In 1924, methods and instruments 
improved at an accelerated rate. *^he technique thus developed ink 

^The world’s deepest producing well in May, 194S, was m the Wmd Bivmr 
Basin, Wyoming, yielding oil from a depth ^f U,309 feet. 
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reefponse to practical co&Biderationa ic now being applied to auch 
inattera of theoretical ini^reat aa the determination of the tbickneas of 
^aclera in the Alps and of the ice sheet in Greenland. 

Oil Reaerves of the Nation. Our proved reserves^ on January 
1$48| were 21 billion barrels of oil. By ^'proved reserves^’ we mean the 
recoverable oil tmderground that can be estimated with considerable 
accuracy because data are available as the result of drilling. The re¬ 
serves in an oil field are regarded as proved if (1) the si^e of the field 
is known because sufficient drill holes have been put down to outline the 
field, (2) the thickness of the oil-bearing bed or beds is known, and 
(3) the volume of the pore space in these beds is known. From these 
figures the volume of oil in the ground can be computed. However, the 
recoverable oil, which is the oil that can be brought to the surface by 
means of present-day practice, is only a fraction of the oil in the 
ground. The oil that can.be rCrfovered, as already stated, amounts to 
15 to 40 per cent of the oil in the ground, the amount depending on, 
among other things, the rate at which the oil is being recovered, a rate 
that should not exceed a certain optimum. 

Since the birth of the oil industry in 1859, 33 billion barrels of oil 
have been produced. Nevertheless the proved reserves are larger than 
ever before, the result no doubt of the great incentive to find oil and the 
remarkable skill that has been developed in finding it. The proved 
reserves, at the present rate of consumption, 1700 million barrels a 
year, would last 14 years. However, additions to the reserves are con¬ 
tinually being made by new discoveries, though a slower rate than 
formerly because the easily found oil has already been found. More¬ 
over, long before the oil fields are exhausted, substitute reserves will be 
developed. Therefore the oil supply will last much longer than 14 
years. As now foreseeable, the substitute reserves will be utilized in 
the following order: first, natural gas, which will be converted into 
gasoline; second, coal will be used as the raw material in making gaso¬ 
line and by-products; and, finally, oil shales. The Green River oil 
shales of Wyoming and Colorado alone are capable of yielding by dis¬ 
tillation 100 billion barrels of oil, three times as much as has already 
been yielded by the oil wells of the United States from ^he beginning 
of the oil industry in 1859. ' , • 

In contrast to the proved reserves are the undisej^vered reserves. The 
magnitude of these reserves has been estimated^ %\xt the figure is of 
o^ly very general value and is etibject to change new information 
becomes available. The basis, in is as Miows. The United 
States has an area of nearly one minhm.naiKare miles that is geologi- 
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cally &vofaWe for the occurrence of oil' Baeed on perfomance of 
the ^already producing portion of the area, ithe total yield ahould tie 
about 100 billion barrels. Having taken out 33 billion barrels, we have 
still left in the ground aboui two-thirds of the original amount of oil 
recoverable by the present means of extraction. 

Oab Destosits 

In addition to the mineral fuels, modern industry utilizes many other 
mineral substances. At present the number is nearly one hundred, but 
it will undoubtedly increase. Research is steadily finding ox creating 
new uses for mineral products, and minerals considered today to be 
only of scientific interest may tomorrow become of economic value. 

Mineral deposits fall naturally into two classes: metallic and non- 
metallic, on account of the very different natures, associations, and 
modes of origin of the two classes. The metallic or, more accurately, 
the metalliferous include the deposits of the industrial metals and the 
precious metals—gold, silver, platinum, and allied metals. The non- 
metallic include the mineral fuels, cement materials, ceramic materials, 
building stones, gems, and a host of others. The nonmctallic substances 
mined in the United States exceed the metallic threefold in value of 
annual output, and the trend of the times is toward their greater and 
greater industrial utilization. 

Definition of Ore. An ore is a mineral aggregate from which one or 
more metals can be extracted at a profit. The essence of this definition 
is in the phrase ‘‘at a profit,” for “ore” is an economic concept. Con*- 
sequently many factors influence what is and what is not ore. When, 
as in 1932, the price of copper sank to 5 cents a pound, far below its 
long-time average of 13 cents, much copper-bearing niaterial that had 
been ore fell out of the class of ore. On the other hand, the steadily 
increasing purchasing power of gold restored to the rank of ore much 
gold-bearing material that had not been ore during the decade after 
World War I, and the increase in the price of gold in 1934, from 120.67 
to S3S an ounce, added enormous tonnages of gold ore to the world’s 
supply. Advances in metallurgical technique by making it profitable 
to work material of lower and lower grade also influence the status of 
what is or is not ore. The development of new uses can transform a 
worthless material into a valuable ore; for example, the discovery that 
the metal tungsten is one of the most useful steel-alloying elements 
changed the status of the chief tungsten mineral from an opprobrious 
impurity to a much-sought constituent. 
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MinefalogicaUy, an ore oonsifit^ of one or more metalliferous minerals 
hiclosed in a matrix of Worthless material. Technically this matrix, 
which coBsiflts of mineral or rock matter, is termed the gangiLe {gang). 
The proportions of valuable constituent to gangue differ enormously, 
aYto in ores of the same metah Iron ore of the highest grade is made 
up solidly of the iron-bearing mineral magnetite, but iron ore at the 
lower limit of commercial availability consists of 30 per cent of mag¬ 
netite mixed with 70 per cent of gangue. In contrast to the high metal 
content of iron ores, most gold ores contain 0.001 per cent of gold dis¬ 
seminated through 99.999 per cent of gangue. In general, the gangue 
of the average ore greatly exceeds in amount the valuable metal it 
contains. In the preliminary treatment of ores in metallurgical plants 
the prime purpose is to separate as cleanly as possible the metalliferous 
constituents from the gangue. By this treatment, a concentrated prod¬ 
uct is produced which is much higher in metal content than the original 
ore. The nature of the gangue influences the cost of concentration and 
subsequent treatment; hence the gangue is generally as important as 
the metallic content in determining whether a material is ore. 

From many mining districts the concentrates are shipped to htdus- 
trial centers for final treatment; zinc concentrate from Australia to 
Belgium, tin-bearing concentrate from Bolivia to the United States, 
literally from the ends of the Earth; and this movement of mineral 
commodities bulks large in international commerce. 

The metallic content of the ores of the precious metals—gold, silver, 
and platinum—^is measured in troy ounces per ton.. However, gold ore, 
because gold by legal enactment has the fixed value of $35 a troy ounce, 
is commonly cited as carrying so many dollars to the ton. The ores of 
the industrial metals are generally measured in percentages; for 
example, an iron ore is said to contain 60 per cent of iron; a copper 
ore, 1 per cent of copper; and so on. 

Primary Deposits 

Occurrence and Origin of Ore Deposits. Mineral deposits occur>- 
ring in bedrock are called jjrimary deposits, to djetingi^sh them from 
those that have been derived from them by 4 €^ 9 ltuction, which 

are called secondary deposits. The most of the secondary 

deposits are the stream placers, .which are gravels carrying 

valuable minerals that have bcKiio^ co^ntf^^ in paying amount 
during trai^port by the streams. 
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Primary ore deposits as a riile do not occur singly but are i^ocalised 
in small areas, and these areaa determitie where the werld^s mining dis^ 
tricts are situated. Many mining districts produce mainly ,one metal; 
indeed some districts produce only one metaL Hence mining districts 
are usually designated by their principal product, as the Rand gold 
trict of South Africa, or the Butte copper district of Montana. 

That ore deposits tend to be localized in districts—^their gregari*^ 
ousness as we may call it—^is of advantage to man in many ways. 
Among these advantages is the fact that intensive geologic study leads 
to a knowledge of the idiosyncrasies of the ore bodies of a district. 
This knowledge is of the highest value in finding extensions of the 
known ore bodies and in finding the still undiscovered deposits; in 
fact, this has been the most successful method of ore hunting so far 
developed. 

Most mining districts are situated near, around, or on areas of in¬ 
trusive igneous rocks. Indeed, this association is so common that, if 
igneous rocks do not occur in or near a mining district, it is thought by 
many that they are nevertheless present but concealed in depth; but 
this is probably an extreme view. 

The association of mining districts with igneous rocks early led to the 
idea that there is a fundamental relation between the igneous rocks and 
the origin of ore deposits. The fact that at Vesuvius and other vol¬ 
canoes during times of heightened activity hot gases carrying iron, 
copper, and lead are given off and visibly form metalliferous minerals, 
such as galena and hematite, suggested that the magmas from which 
the igneous rocks were formed supplied the metals in the ore deposits 
and that the metals werewleased from the magma at the time it solidi¬ 
fied. The magma is the ore bringer. 

Most ore bodies formed in connection with igneous action are asso¬ 
ciated with plutonic^rock^ occuJTing as stocks and batholiths. Some 
occur in areas of volcanic rocks, but here the ore-forming solutions aS 
well as the volcanic rocks themselves are both derived from a parent 
magma that solidified under plutonic conditions at a comparatively 
shallow depth, possibly a mile or two beneath the surface. In a few 
mining districts the ore deposits are in volcanic necks. As an empirical 
fact, ore deposits that are genetically associated with stocks and batbo- 
liths have a greater vertical extent than those associated with volcanic 
rocks. At present the world’s record for downward persiatence of sxn 
ore body formed by solutions derived from deep-seated magma is held 
by a gold mine in Mysore, India, whose depth is 9200 feet, whereas ore 
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associated with volcanio rocks are likely to give out at depths 
ofSOO to 1000 feet. 

The solutions lhat carry the metals from the solidifying magma are 
at high temperatures, so high that they are gaseous. As these solutions 
move up through fissures toward the Earth's surface, they are steadily 
losing temperature, they are reacting with the wall rocks of the fissures, 
ihesy are becoming admixed with more or less ground water, and the 
pressure on th^ is diminishing. As a result the composition of the 
evolutions changes and certain constituents become insoluble and conse- 
cpiently are deposited in the fissures. Loss oi temperature is probably 
most pdtent factor in thus causing precipitation. As the solutions 
l^ave magma they are gaseous, consisting mainly of steam, but 
dm’jpg fheir jou^ey upward they condense to water. Such hot-water 
solutions the .agents by which most ore bodies have been formed, 
and the ores thus deposited are s^id to be of hydrothermal origin* 

According to this theory of origin every mineral deposit, if explored 
deeply enough, would be found to give out in depth; in other words, 
every -veiii or lode has roots. The theory explains readily the well- 
known fact that the interiors of large areas of intrusive igneous rocks 
(batholiths) are barren of mineral deposits. The large size of an area 
of exposed igneous j'oek is the result of wi^despread removal of the rocks 
that once extended as a roof over the igneous mass. Consequently, as 
the top of a batbolith is roughly dome shaped, the greatest vertical 
thickness of rock has been removed from over the central portion of the 
area of igneous rock. In the interior, then, erosion has cut down deeply 
enough to remove even the roots of whatever veiits were once present, 
toward the borders the roots remain, and at the borders and in the sur¬ 
rounding rocks the veins still have a considerable vertical range. 

That veins persist downward in some batholiths, as at Butte, Mon¬ 
tana, to depths exceeding 4000 feet, proves that the batholith had 
solidified to a depth of more than 4000 feet before the shell of rock 
thus formed began to fracture and allowed the magmatic gases to 
escape from the still-fluid magma beneath it. The process of fracturing 
that makes the channel ways for the ascending ore-forming solutions 
is likely to persist for a. considerable time. Recurrent movements may 
reopen the veins, as already mentioned, and in many districts later 
fracturing has severed the veins and dlslocated^llke segments. One of 
the tasks of structural geology is to deter^izM^plte laws that govern 
the formation of the channel ways, Without the mineral veins 

Could not have been formed, and to^d4he fitulted segments into which 
the veins have heen severed. 
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Vwm ^ Ore Bo^es. Th« shape or form of an ore bot^is of i;r«st 
praetical impoitaoce, for it detenniiiea the way in n^h ore bo^ 
can he worl^. A tabular mass of ote more or less sharply deliitiite4 
from the rock inclosing it is termed a vein (Wig. 343), The kleal vein 
is bounded by well-defined walls; the overhanging wall, as Ulustrated 
on p, 375, is the hanging wall, and the other, on which &e miner obtains 
his footing, is appropriately called the foot wall. The ore in the idea) 
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Fig. 343. Goldobearing quarts veiup Alleghany distriot, CaUfomia, The sharply defined 
white quarts vein is well shown, together with the veinlets branching from it. 


vein breaks cleanly from its walls. It is tacitly part of the definition of 
a vein that if the vein occurs in other than massive igneous rocks (such 
as granite) it cuts across the structure of the inclosing rocks. Beliefs 
in the characteristics of an ideal vein are of great practical significance, 
for they have p-eatly influenced the mining laws of the United States^ 
and because the average vein departs widely from the ideal, these de¬ 
partures have caused and are still causing enormous difficulties in 
squaring the legal view of what a vein should be with what Nature has 
actually formed. 

Some veins are bordered by zones of mineralized rock rich enough to * 
be mined along with the vein filling. These mineralized zones as a rtile 
shade off imperceptibly into rock too poor to mine. Consequently an 
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Fig 344. Gold-bearing lode as seen underground, a member of the Mother Lode system 
Sierra Nevada gold belt» California. 
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kind, instead of being bounded hf wellnSiSded 
ia b(tod6d by ”assay walk,^* so called because ccflltinuouer aamj^g 
and aasaying te determine Its metaltic content are neoessaiy in finding 
the limits of the ore body. Therefore such boundaries fluoteate wldi 
the pric® of metal that is being mined. ' ^ - 

A'lode consists df several veins spaced closely enou^ so that all df 
tliem, together with the intervening rock, can be mined as a unit (Fig, 
344). All the larger tabular ore bodies tend to be of this genetatchar¬ 
acter, and there is no sharp distinction between a vein and a locte. A 
spectacularly large outcrop of quartz, part of one of the gold-bearirig 
lodes df the Mother Lode system of California, is shown in Fig. 84fi. 

Some ore bodies in sedimentary rocks conform to the bedding of the 
inclosing strata. Such ore bodies are either of sedimentary origm nr 
of replacement origin (p. 130). Genetically these two modes of origin 
are wholly unlike, and the distinction is of great practical importance 
although not always easy to make. If of sedimentary origin, the ore 
bodies are beds; if of replacement origin they are termed bed veins^ 
Fissure Veins. Some ore bodies have been formed by the filling of 
cavities or openings in the crust, others have been formed by replace¬ 
ment, and others have been fonned by a combination of both processes. 
Openings in the crust arc made by fracturing and fissuring. As the 
walls of a fissure are not rigorously plane but are more or less irregular 
wavy surfaces, movement along them relative to each other causes open 
spaces to form along the course of the fissure. These openings became 
the receptacles of vein matter, and the vein thus formed, when followed 
along its course or down its dip, is found to expand and contract in 
width—^''to swell and pinch,” in the language of the miner. The 
abruptness of this swelling and pinching depends on the original irreg¬ 
ularities in the fissure and determines how far the vein departs'from the 
ideal tabular form. By renewal of movement along the vein the fissure 
may be reopened, and more vein matter deposited in the newly fonned 
openings. In this way many veins have grown in si^e. The early 
formed portions of the vein are likdy to become crushed during the 
later movements, and angular fragments of ore that was formed in tiie 
early stages may become incorporated in the ore deposited latet. The 
stages of gro^iih of the vein are thus recorded within the vein, and a 
sequence in the order of deposition of the minerals can often'be'asoer- 
tained. These facts are not only of theorefical interest but also o|, 
practical consequence. 

The vein-forming solutions that deposit the minerals in the openings 
along a fissure soak out into the wall rocks. There they bring about 
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mimy changes, depending on their composition, on tiieir temperature, 
a!(id on ihe composition of the wall rocks. The effects may esetend from 
a few inches up to hundreds of feet from the vein. From the study of 
these effects, conclusions can be drawn as to the composition and tem¬ 
perature of the ore-forming solutions. 

Almost universally the ore-forming solutions in soaking outward 
from the fissures cause crystals of pyrite to grow in the wall rocks. 
Nearly all ore-forming solutions carry dissolved sulphur, and when 
these solutions permeate the wall rocks this sulphur combines with the 
iron of whatever iron-bearing minerals are present to form pyrite, gen¬ 
erally as well-crystallized cubes: the wall rock becomes pyritized. The 
pyrite thus formed in the wall rock is a conspicuous, easily recognizable 
effect of the ore-forming solutions. Such pyrite is of replacement 
origin, as it has grown in the body of an old mineral as the result of 
the removal of part of the old mineral and the deposition of sulphur 
in the space thus made. 

Replacement Ore Bodies. More interesting practically is the abil¬ 
ity of the ore-forming solutions under some circumstances to transmute 
the wall rocks into ore. The vein is then bordered on one or both sides 
by a layer or layers of ore of replacement origin. The resulting ore 
body is therefore of dual origin: it was formed partly by the filling of 
open spaces and partly by replacement. 

Many ore bodies are wholly of replacement origin. Limestone is the 
most common rock thus transformed into ore. In some ore bodies of 
this origin the evidence of replacement is astonishingly impressive. 
Although the ore consists solidly of sulphides—galena, sphalerite, and 
pyrite—^it preserves faithfully the bedding and other sedimentary fea¬ 
tures of the vanished limestone. On seeing such an ore body under¬ 
ground we often find it hard to believe that we are viewing an ore body 
and not merely country rock. In ore bodies of replacement origin, the 
ores, in contrast to those in fissure veins, were formed by the ore-form¬ 
ing solutions dissolving the country rock and simultaneously depositing 
in the space thus formed an equal volume of ore. The thoroughness of 
replacement in many mining districts is impressive, but the immense 
volume of rock removed during replacement is perhaps even more 
impressive. The process of replacement^ ;of pH^ne importance to an 
understanding of ore deposits. 

Composition of Ores. In the primary ore h^<££is of copper, lead^ 
sine, and silver, the metals w^ere cd0na% deposited in compounds in 
which they are united with sulphu^-4n short, as sulphides. Galena 
(PbS) is the ultimate source of all the world’s iead; sphalerite (ZnS) 
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IB the'chief fipDurce of out aine; obalcopyrite (CuFeSa) and othat copper- 
bearing ftulplhideB are the ultimate Bources ef our copper. QoM, it Ib 
true, is deposited as native metal, but it is almost invariably associated 
with pyrite freS 2 ), the most widely prevalent of all sulphides. 

Weathering of Ore Bodies^ Certain important consequences follow 
from the fact that the primary ore bodies generally contain sulphides* 
As soon as an ore deposit becomes exposed at the Earth’s surface by the 
progress of erosion, the sulphides in it begin to oxidise—to unite with 
the oxygen of the atmosphere—and the oxidised products begin to unite 
with water and carbon dioxide. A host of new minerals is formed. 
Prominent among these changes are those that overtake the pyrite. 
Pyrite alters to rusty yellowdsh brown limonite, which imparts to the 
outcrops of veins and lodes their characteristic iron-stained appear¬ 
ance. Not only is limonite formed from the pyrite, but also powerful 
solvents, such as sulphuric acid and ferric sulphate, are generated, and 
as these solvents trickle downward they attack the other sulphides. 
They dissolve the silver and copper and cause them to move down¬ 
ward. As a result of these changes the ore body at the outcrop is 
likely to be vastly different from what it is in depth. It differs in ap¬ 
pearance, in composition, and in metallic content. 

Those changes stop at or near the water table (p. 119), because move¬ 
ment of subsurface water is generally slow below the water table and 
the supply of oxygen therefore becomes scant. In humid regions the 
water table is near the surface; in arid regions it may be as much as 
2400 feet below the surface. As the position of the water table is in¬ 
fluenced also by the relief of the land, the depth to which the oxidized 
zone extends is a function of climate and topography. 

At the water table, then, the character of an ore is likely to change 
drastically. As a result, the metallurgical processes adapted to the 
oxidized ore may be wholly unsuited to the primary sulphide ore found 
below the water table. Many a mine, equipped to treat the ore occur¬ 
ring near the surface, has failed for this reason alone. Moreover, the 
metallic content of an ore body is likely to become impoverished or 
enriched, deipending on the nature of the chemical reactions that took 
place in the zone of oxidation. The explanation of why some ores are 
impoverished and others are enriched involves the application of chem¬ 
istry to the problems of geology. 

Supergene Enrichment. The enrichment that has affected certain 
ore deposits just below the zone of oxidation is so important that ife 
merits brief mention. Copper illustrates the principle most readily. 
By weathering, the copper in the outcrop and underlying zone of oxida- 



m PHYSICAL GEOLOGY 

tkm is r^dered soluble. ^ Consequeutly it is dissolved by descending 
^irater and is carried do^ward. When the copper-bearing solution 
comes into contact with the unaltered sulphides that occur in the ore 
body below the zone of oxidation^ it reacts with them and the copper is 
precipitated as a bluish black film or coating on the sulphides. The 
copper content of the primary material is thereby increased; and in 
many places, notably Utah, Nevada, Arizona, and New Mexico, the 
primary mineralized rock, which was too lean to be ore, has been en¬ 
riched sufficiently to bring it up to ore grade (Fig. 346). The process 



Fio. 346. Quartz vein, ahowiug effects of weathering and supergene enrichment. 

A. Oxidized leached ore: limonite and quartz; depleted of copper. 

B. Enriched ore: chalcocite, pj^ite, and quartz; rich in copper. 

C. Primary ore: ohaloopyrite, pyrite, and quartz; low in copper. 


is termed mpergene enrichment. In the States mentioned this process 
has been effective in forming enormous deposits of coftper ore. Al¬ 
though the deposits are low in grade, containing 1 per cent or less of 
copper, the application of mass-production methods has made them 
immensely productive and profitable and during the last four decades 
has revolutionized the copper industry. 

Iron-Ore Deposits. Most ore deposits, as already outlined in the 
preceding pages, are concentrations of metals brought about by igneous 
activity. Other methods of concentration, however, are effective in 
forming ore deposits of economic value. These other methods can be 
illustrated most readily by means of the iron-ore deposits. 

Iron is by far the most useful of the metals, aitd fortunately its ores 
are far more abundant than those of all oihefmel^b. This abundance 
has resulted partly because iron-ore deposits are formed in more ways 
than those of any other metal, but ehie% becauw many of them were 
farmed by sedimentation, a process thaC'induces far larger ore de- 
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positfi than any other procese of concentration. If we oonaito that m 
iron^xe district containing a reserve of more thto one billion (10”) Um 
of oxe is a district of the first magnitude, then there are ten or twelve 
such the World overj and in at least seven of them the ore is of sedi* 
mentary origin. 

It is occasionally said that aluminum in the future will supplant iron 
as an industrial metal. This assertion is based on the fact that alumi¬ 
num averages 8 per cent of the Earth’s crust, whereas iron makes up 
only 5 per cent. However, the processes that have concentrated alumi¬ 
num into ore bodies are few, whereas many have been effective in con¬ 
centrating iron; moreover, they have operated on a grander scale. As 
a result, the ores of iron are roughly 40 times as abundant as those -of 
aluminum. Technically and economically it is the ore of the metal 
that is really important and not the average amount of the metal in 
the crust. For these and other reasons, chief among which is that “the 
services of iron, for which there are no substitutes, are well-nigh num¬ 
berless,” iron will remain supreme as an industrial metal. 

In the following sketch of the processes by which iron has been con¬ 
centrated to form commercially valuable ore bodies, four types of de¬ 
posits are described: first, deposits formed by concentration within 
molten magmas and therefore formed at high temperature; second, 
those formed as a result of the iron being carried out of the magma by 
escaping gases, the iron having been rendered volatile by the presence 
of chlorine or some other agent, such as those in evidence in the 
fumarolee at Vesuvius and at the Valley of Ten Thousand Smokes in 
Alaska; third, the deposits formed by sedimentation; and fourth, those 
in which the iron has been concentrated by the process of weathering. 

Iron-ore bodies formed by concentration within molten magmas are 
rare. Probably the best-established examples, whose mechanism of 
concentration can most readily be visualized, are in the Bushveld, 
Union of South Africa. They are inclosed in gabbro as layers of mag¬ 
netite that resemble sedimentary strata; they are as much as 15 feet 
thick and extend for hundreds of miles. At a certain stage while the 
gabbro magma was solidifying the magnetite began to crystallize, and, 
being heavier than the magma, the grains sank and accumulated in 
the form of a layer. 

In some districts part of the iron of the magma escaped at the time 
the magma was solidifying. If the magma was intrusive into lime* 
stones, the iron-bearing gases reacted with these limestones. In 
way ore bodies of contact-metamorphic origin were formed, as outlined 
cm page 422. If the gases do not meet limestone, they are likely to 
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farther from the magmatic hearth and become condensed to 
&e liquid state. As they* move into an environment that is pro^^es- 
sively cooler with increasing distance from the magma^ they form 
hydrothermal iron-ore deposits of successively different types. The 
deposits thus formed carry distinctive minerals that indicate the pro¬ 
gressively lower temperatures under which they were formed. 

The 7nmett€ ores of Lorraine in France are the world’s most valuable 
ores of sedimentary origin. They consist of oolitic limonite in nearly 
horizontal beds interstratified with limestone, shale, and sandstone. 
Although the ore beds are nearly horizontal, they dip westward at a 
very low angle. They average 30 per cent of iron—a relatively low 
content—^but, because they contain sufficient ealcite to form a slag in 
the furnace, are near supplies of coking coal, and are also near con¬ 
suming centers, they are of great commercial value. They contain 
nearly 2 per cent of phosphorus^ ordinarily a highly undesirable im¬ 
purity in an iron ore; but as a result of the development of the Thomas 
process of smelting in 1879, the phosphorus can be eliminated in the 
form of a by-product valuable as fertilizer. 

By virtue of their sedimentary origin the ore bodies are of large 
areal extent and of constant composition. Consequently the tonnage 
of unmined ore, the “reserves,” can be estimated with far higher prob¬ 
ability than that of ore of any other mode of origin. The reserves are 
estimated to contain 5000 million tons of ore. 

The term minette, meaning “small mine,” came to be applied to these 
ores in this way. At the outcrops the soluble gangue matter (calcite) 
of the ore as well as the deleterious phosphorus had been dissolved out 
as a result of weathering. Consequently the ore at the outcrop was 
enriched in iron and freed from an objectionable impurity. As soon as 
the water table was reached the primary ore was struck, lower in iron 
and high in phosphorus. Before 1879 (before the invention of the ap¬ 
propriate process to smelt phosphorus-bearing ores), the primary ores 
were worthless; hence the outcrop of the Lorraine ores was marked by 
a line of unimportant small mines—^minettes. 

During the negotiations at the close of the Franeo-Prussian war in 
1871, Bismarck was advised by the Director of tbe^ Prussian Geological 
Survey to shift the proposed boundary of Lom^^j^vestward to include 
the outcrop of the iron ore. This was aeoepted^jfi^l^ French, who were 
particularly anxious to obtain concessions near Belfort. At 

that time neither the Germans nor the nm^tood the geology 

and origin of the Lorraine iron ores, of the Thomas 

ptoeess in 1879 made the ores workable immensely valuable, and 
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the great IroB industry of the German Empire was large^ baaed m 
th^ As development proceeded the geolojpe features of the deposits 
became clear, and it was seeix that although the Germans had the 
crops of the deposits Ihe gentle westward dip caused’^^tbe htm-oie beds 
to extend under the soil of France, and that in fact a large fraction of 
the total reserves lay under French territory. An important iron in- 
dustiy was developed in France on the resources thus unexpectedly left' 
to her. During World War I some of the £eroest, bloodiest drives of 
that war were undertaken by the Germans to undo the ^'error” of 1871, 
By the treaty of Versailles in 1919 Lorraine annexie was restored to 
France, and the entire iron field passed into her possession. 

In eastern Cuba are large iron-ore deposits," in which the iron was 
concentrated to commercial grade by lateritic weathering (p. 48) of 
serpentine. The ore occurs on a plateau as a blanket 20 feet thick. In 
the cuts made by mining with steam shovels the ore at the surface can 
be seen to grade downward into the unaltered serpentine from which it 
was derived. The serpentine contains 7 per cent of iron; and chemi¬ 
cal weathering, by dissolving out almost all the constituents of the 
serpentine except the iron, has raised the iron content of the residual 
product to 50 per cent. Such lateritic ores occur also in the Celebes, 
the Philippines, and elsewhere. 

In the Lake Superior region, from which the United States obtains 85 
per cent of its supply of iron ore, the ore deposits are the results of a 
double concentration. First there was laid down by sedimentation an 
iron formation, consisting of thinly bedded strata of iron-bearing min¬ 
erals alternating with siliceous strata. In the Mesabi district, which 
is the most productive iron district in the world, this iron formation 
averages 25 per cent in content of iron. This is too low in grade to be 
worked as ore. Fortunately, parts of the iron formation were reepn- 
centrated by weathering, by which the gangue was removed and the 
iron minerals, because of their insolubility, were left behind. As a 
result of this purification the residual product contains 50 to 60 pet 
cent of iron and is therefore valuable ore. This weathering took place 
not under present conditions of climate and topography but under 
those of remote geologic antiquity, of Pre-Cambrian time. 

In conclusion, then, many diverse geologic processes have been effec¬ 
tive in concentrating iron into ore deposits of workable grade. Some 
of these deposits have required a twofold concentration, first by sedi¬ 
mentation and second by weathering. 

Gold and Other Metal Deposits. The primary ore deposits of gold 
and of the industrial metals, copper^ tin, lead, and zinc, unlike those 
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^ tod lodes ol hydrothmaal origin. Moat of 

me^ aro situated either in the border aones of stocky and 

betholitbs^of granite or in the rocks that immediately surround such 

Gold lodes hold the distinction that they are being followed deeper 
into the crust than are the deposits of any other metal Depths of 
more tlian a mile have been reached in California, 8500 feet in South 
Africa, and 9200 feet in India. The hi^ temperatures at these great 
depths and the tendency of the rocks to spall off from the walls of the 
workings with explosive violence owing to the great pressure are serious 
handicaps and will probably limit man’s quest for metals to a depth of 
10,000 feet 

PLACERS 

General Features. A placer (plas'cr) is a deposit of sand or gravel 
that contains particles of a valuable mineral in sufficient quantity to 
be workable at a profit. Gold, tin (in the form of its oxide, cassitorite), 
platinum, and diamond are the substances commonly won from placers. 
Most placers are stream gravels. A few, however, are marine beach 
gravels. Such were the famous gold placers of Nome, Alaska, of which 
one was the present beach of the Bering Sea, and the others w’ere 
ancient beaches, formed when the Bering Sea had outlines somewhat 
different from those it has now. The world’s entire supply of the fis¬ 
sionable element thorium is derived from placers; in recent years 
it has come largely from the beach placers of Travancore in southern 
India. All heavy, relatively indestructible minerals are likely to be¬ 
come concentrated in placers. 

Placers are so easily found and so readily worked, without special 
equipment or capital, that they have been sought from the beginning of 
history by the prospector and explorer. Gold placers have been the 
strongest incentive to this search, and most of our mining districts have 
been foimd by the placer miner. The richer placers are soon worked 
out, and attention then becomes directed to finding the bedrock sources 
from which the minerals in the placers were derived. If these sources 
prove to be deposits of economic size, they form the basis for a much 
more permanent industry j and the ephemeral placer-mining camp be¬ 
comes transformed into the more staid lode*mining district. 

Extraordinary ingenuity has been applied to problem of working 
the leaner placers. So brilliant are the results in the more advanced 
methods of placer-mining —hydraulicking tod dtBdging —that they are 
the most efficient forms of mining, in the sense that lower-grade ma¬ 
terial can be worked by them than anjr^tber method. In hydraulic 
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jFij. }47. Hydraulic mining 0 / gold-Bearing gravtl in the Sierra Netfoda* Ttt 
gravel is being smp by a powerful jet of water tnto the bead of the string of sledot 
boxes at the extreme left. 


ininiDg a jet of water under heavy pressure is directed against a bank 
of gravel. The gravel thus loosened is swept by a current of water into 
a long sluice (Fig. 347), where the gold, platinum, or cassiterite, be¬ 
cause of its high specific gravity, rapidly settles to the bottom and is 
caught by appropriate devices at the head of the sluice, and the lighter 
material, the gravel and sand, is carried through the sluice. In thus 
concentrating the gold or other valuable material, the miner, using 
Nature^s own method, completes the concentration begun by Nature 
in forming the placer. In California, where hydraulic mining reached 
its highest development, gravel containing as little as 3 cents in gold 
to the cubic yard has been profitably worked. 

In dredging, the digging apparatus and the entire concentrating plant 
are contained on a boat—^the dredge (Fig. 348). The dredge floats on 
a pond; it digs and takes in the gravel at its forward end, and dis¬ 
charges at its stem the tailings—^the gravel from which the gold, • 
num, or cassiterite has been separated. Thus the pond and the dredge 
on it gradually travel up the valley- Gold-bearing gravel averaging 
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Fig* 34H, Dredff working a gold placer at Fox, mar Fairbanks, Alaska, 


10 cents in gold to the cubic yard can be worked at a profit by dredging. 

At the present time 10 per cent of the world^s annual output of gold, 
70 per cent of its supply of tin, and much of its platinum are still 
derived from placers. 

Origin of Placers. As soon as the primary ore bodies come into the 
zone of erosion, they are attacked by weathering. If they contain 
sulphides, they are subjected to a peculiarly active form of chemical 
weathering intensified by the sulphuric acid and oilier powerful solvents 
formed by the oridation of pyrite and othor sulj^hides. Only the most 
resistant substances survive this attack. Xfti^r beipg ^et free from their 
matrix they eventually find their way by creep aad other processes of 
ipass-wasting into the sf^eama. Only the tougher materials withstand 
the pounding and abrasion to whicb they ^ subjected in the stream; 
the brittle minerals are pounded to min^ paiticles and are swept 
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flomifitream. The vfiUiii^e ttuni^alfi in pleoers suhrhrBte ^ 
fitnefift is ineesured by resistonee to ohemieal attaek Aitd 
to ehrasion. Henoe it is ee,sy to understand why the minerals oon^ 
monty wcm from placers are such indestructible ^aubstance^ as 
platinum^ cassiterite, and diamond. 

The gold and other valuable minerals' occur in particles Tanking 
from the minutest grains up to larger pieces termed nuggel^. Aeomd^ 
ing to the distance that these particles have been carried downstream 
from their source in bedrock, they are more and more water worn. 
Angular, jagged^ “rough’* gold occurs in placers near where it was set 
free from its matrix in its bedrock source; smooth gold is found farther 
downstream. It is somewhat surprising, however, to see within how 
short a distance from their bedrock sources gold particles become 
smoothly water worn. This rapid wear is due partly to the softness of 
gold and partly to its great weight, which causes the grains and nuggets 
to move downstream slowly, with many a halt; and during this slow 
travel downstream they are pounded and abraded by the passing 
gravel. 

The lowermost few feet of gravel, those resting on bedrock, are much 
richer in gold than the upper layers of gravel As the miner puts it, 
the “paystreak” rests on bedrock. Enough gold may occur in cracks 
in the bedrock to make it profitable to mine several feet of the bedrock 
below the paystreak. Gold has a truly astonishing ability to sift down 
into the cracks, joints, and foliation planes of slates and schists that 
may happen to form the bedrock. 

The larger amount of gold on bedrock is due in part to the churning 
action of streams during high-water stages. The gravel is locally 
scoured out to great depths during these stages (p. 78), and whatever 
gold had been distributed through the scoured-out mass of gravel be¬ 
comes concentrated on the bedrock of the channel thus formed; and 
as high water subsides, the scour channel becomes filled with barren 
gravel. Another method of concentration that causes the gold to move 
toward bedrock is that caused by the tendency of a stream to meajEider 
on the gravel-covered floor of its valley. As the stream impinges here 
and there on the gravel banks, it undercuts them; soon the gravel 
slumps into the stream and is carried away by the stream, but the gold 
that was distributed through the vertical bank of gravel from top to 
bottom has now become concentrated in the stream channel. ^ 

It can be seen that a knowledge of the laws governing the transpo^ 
of detritus by streams and the laws of the origin of land forms is funda- 
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Bieiital to understanding; how placers are formed. In a region that is 
in the early stages of the cycle of erosioni the streams are actively 
at work in downcutting; consequently no gravels are laid down in the 
beds of the streams more than temporarily. Hence such regions are 
unfavorable for the occurrence of placers. As a matter of experience 
it has been found that regions of uplifted and maturely dissected pene- 
planes are favorable for the development of gold placers. During the 
peneplane stage the gold is liberated from the veins and veinlcts occur¬ 
ring in bedrock throughout the region, and after the region is uplifted 
and the new cycle of erosion is well under way the gold becomes con¬ 
centrated in the valleys carved in the old peneplane. 



Fia. 349. Ancient stream placer covered by a lava flow; it occupies the divide between 
two rivers of the present drainage system. Width of block about 3 niiles. 


Placer deposits have formed at all times during the history of the 
Earth. Some of the older placers have been buried by later sedimen¬ 
tary rocks; others have been sealed beneath lavas that flowed down 
the old valleys in which the gravels were accumulating. In regions in 
which placers have been covered by flows of lava, the streams that 
formed the placers liecome dispossessed of their channels and seek new 
ones. In the course of time a complete revolution in the topography is 
effected, and the placers capped by the resistant lava flows become the 
divides between the existing streams. What were once the valley 
bottoms are now the mountain tops (Fig. 349). Such dead rivers, 
whose gravels are sealed under lava flows, occur high above the present 
streams in various parts of the world, notably hi the Sierra Nevada, 
where they have yielded much gold. 

Although the finding of placers has genially the prelude to the 
discovery of veins and lodes in bedrock, it by' no means follows that 
rich placers are necessarily derived from nth debits in bedrock. The 
contrary is almost true. For jexe^pb, the larg^ part of the world’s 
platinum has been won from plaoers In the Ural Mountains, but no 
workable primaiy deposits have been fm:^. The platinum in its bed- 
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fock home ^ the Ural Moui^ains is dissei^nated through large bodies 
of rook, which are far too lean to be worked at a profit. The processes 
by which placers are formed are so efficient, however, that tiie iwMtIi 
antount of platinum distributed through immense volumes of rock has 
become concentrated in the gravels of the streams that drain the Xh»>l 
Mountains. Cubic miles of rock were ground up by erosion, and the 
platinum in them has accumulated in workable amount in the stream 
beds. Similarly, rich gold-bearing gravels have accumulated in 
in which the gold occurs in bedrock in the form of small auriferous 
quartz veinlets. The same disparity between the richness of the 
placers and the poverty of the bedrock sources is even more generally 
true of tin deposits and is reflected in the fact that 70 per cent of the 
annual supply of tin is still won from placers. 

One of the richest gold-placer regions ever found was on the lower 
western slope of the Sierra Nevada. Its discovery in 1848 caused the 
greatest human nugration in history. The gravels of the present 
streams have yielded $900,000,000. Their great richness was the result 
of a triple concentration of the gold. Near the end of Jurassic time the 
crust beneath the site of the present Sierra Nevada was invaded by 
vast volumes of granitic magma. During the solidification of the 
molten magma, countless small gold-bearing veinlets were formed in 
the surrounding rocks. This was the first concentration of the gold. A 
long period of erosion then set in, during which the region was reduced 
to a land of moderate relief. In the streams that flowed on this old land 
surface great masses of gravel accumulated, hundreds of feet thick in 
the larger valleys, and rich in gold in the layers resting on bedrock. 
The gold thus accumulated was the result of the second concentration. 
Great eruptions burst out and overwhelmed the streams with volcamc 
debris and sealed them under lava flows. The streams were forced out 
of their courses and began to dig new ones. Faulting aloogr<the eastern 
flank of the Sierra lifted the range high into the zone of erosion and 
tilted the western slope to the west, thereby increasing enormously the 
erosive powers of the westward-flowing streams. The great canyons 
that gash the western slope of the range were fonned. Where tiie 
streams cut through the gravels of the old river beds, they robbed them 
of Ihmr gold, and to this store of easily won metal they added the gold 
that erosion was liberating from the veins and veinlets in bedrock. As 
the result of these three stages of concentration ihe [present streams of 
the -Sierra Nevada acquired Ihe extraordinary richness in. gold 
made them famous the world over. 
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MINERALS 

Intboduction and Definition 

Minerals compose the rocks of which the Earth’s crust is built. 
They are also the constituents of ore bodies and other deposits of eco¬ 
nomic value. Rocks are the primary documents of geoloygy, and in 
order to read these documents j|t is necessary to be able to recognize 
their constituents. A mineral can be defined as a naturally occurring 
substance that has a distinctive set of physical properties and a com¬ 
position expressible by a chemical formula. 

Minerals are composed of chemical elements. A few consist of single 
elements, such as native gold and silver, as these metals are termed 
when they occur in el^entary form in Nature, or diamond and 
graphite, both of which are crystalline forms of the element carbon. 
Diamond and graphite illustrate in the most striking way possible what 
is meant by a mineral. The two are of identical chemical composition, 
yet each has its own distinctive physical properties: diamond is trans¬ 
parent and is the hardest substance known, whereas graphite is opaque 
and is among the very softest of substances. Most minerals, however, 
are made up of two or more elements united in such a way that the 
product differs in its properties from any of the elements composing H. 

There are 96 chemical elements. Less than half of them are abun¬ 
dant; in fact, more than 99 per cent of the Earth’s crust is composed of 
14 elements, These elements, with their chemical symbols, are shown 
in the following table in the order of their abundance in the crust: 



Per Cent 


Per Cent 

Oxygen (0). 

... 46.46 

Titanivun f Ti) .... 

. 62 

Silicon (Si) . 

.... 2761 

Eydrogen,^) .... 

. .14 

Aiuminum (Al) .,.. 

.... 867 

PbospbofwiP) ... 

. 42 

Iron (Fo). 

.... S.Q6 

C«eteb.(E<^' . . .. 

. . . j09 

Cnlcium (Ca) . 

.... 364 


. .06 

Sodium <Na) . 

. .. 2.75 

. 

. 

. 66 

Potamum (E). 

, .. 268 

. 68 

Magnesinin (Mg) 

.... 267 

. 

146 'f, 

.10066 
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Three elements not included in the preceding list are added here be¬ 
cause they occur in certain important ore-fhrming minerals. Each of 
these elements makes but a minute fraction of 1 per cent of the Earth’s 
crust. 

Copper (Cu) 

Lead (Pb) 

Zinc (Zn) 

The minerals that have formed by various combinations among these 
seventeen elements are very numerous; but those that are abundant, 
as components either of rocks or of oreS; are relatively few^ about 
twenty-five. 

Properties of Mii^ebals 

CHEMICAL COMPOSITION 

A few minerals have a fixed chemical composition; but most of them* 
have a variable composition which, however, can be expressed by a 
chemical formula. Quartz, one of the most abundant of minerals, has 
a fixed composition, written Si 02 , which is a sort of chemical shorthand 
saying that one atom of silicon is united with two atoms of oxygen. 
Sphalerite, from which most of the world’s zinc is obtained, is a min¬ 
eral of variable composition, which is indicated by writing its formula 
thus' (Zn,Fe)S—^thereby indicating that in this mineral atoms of iron 
proxy for atoms of zinc. 

The various minerals react differently to chemical reagents, and these 
reactions are one means of identifying minerals. It is beyond the scope 
of this discussion to explain how' minerals are identified by their chem¬ 
ical behavior, but many textbooks of mineralogy treat the subject fully. 

PHYSICAL PROPERTIES 

Crystals, Nearly all minerals are crystalline; that is to say, the 
atoms of which they are built are organized in definite geometric ar¬ 
rangements. A few minerals are amorphous (noncrystalline). Under 
favorable conditions most minerals form crystals. Crystals are solids 
that are bounded by smooth plane surfaces called faces, whose arrange¬ 
ment is related to the internal structure of the mineral. As a rule, 
the crystals of any particular mineral have similar forms of erysta^ 
zation. For instance, the mineral pyrite crystallizes characteristically 
in cubes (Fig. 350). Garnet is common as twelve-sided ciyietols called 
dodecahedrons (Fig. 351), These crystal feurms are chaFaetmstic of 
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tliase minerals, and reco^ition of the crystal forms aids greatly in 
i<tentifying the minerals. 

Structure. The structure of minerals generally refers to their out¬ 
ward shape and form. The following descriptive terms are used in this 

connection, some of which are self- 
explanatory; crystallized, occur¬ 
ring as crystals or showing crystal 
faces; massive, not bounded by 
crystal faces—^the antithesis of 
crj^stallized; columnar; fibrous 
(Fig. 352); botryoidal (Fig. 353), 
consisting of small rounded forms 
like closely bunched grapes; reni- 
form, kidney-shaped; micaceous, 
occurring in thin cleavable sheets 
or flakes; granular, in aggregates 
of coarse to fine grains; compact; 
earthy; oolitic, formed of amall 
spheres which resemble fish roe. 

Cleavage and Fracture. The 
manner in which many minerals 
break is so characteristic that it is of 
great help in identifying them. If they break so that smooth plane sur¬ 
faces are produced, they arc said to have a cleavage. This cleavage in¬ 
variably occurs along planes, but these planes may,or may not be paral¬ 
lel to crystal faces. Some minerals 
have but one cleavage, others two, 
three, or even six different cleavage 
directions. The number of cleav¬ 
age directions that a mineral has 
serves as an aid in determining the 
mineral. Good examples are the 
cubic cleavage of galena, whereby 
the mineral cleaves in three planes 
at right angles to one another, so 
that it breaks up into innumerable 
small cubes (Fig. 354); the rhom^ 
bohedral cleavage of calcite—^three 
pknea not at right angles, so that the r^lt&g c^^vage fragments are 
rhombohedrons (Fig. 355); and the clea;^^ of n^ca—^in one direction 
only, the most remarkable example in the whole mineral 


Pie. crystate of gar- 
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Flo. 360. Cubic oiystala of pyrite. 
iStrioe on faoea are well shown; crystals 
BIB interETOwn. 
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ki&^t3XQ, by virtue of wbieh the mica can be cleaved into sheets or 
flakes of indefinite thinness, ^ 

If a mineral has no cleavage, the nature of its broken surface—Its 
fracture —^is more or less distinctive. The kinds of fracture are: con- 
choidal (Fig. 362), if the surface of 
fracture is curved like the interior 
of a clam shell; fibrous or splintery, 
if it is like that of wood; uneven 
or irregular, if the surface is 
rough. 

Color. The color of a mineral is 
one of its most conspicuous physical 
properties. The color of some min¬ 
erals is a definite and constant 
property and serves as a ready 
means of identification. For ex¬ 
ample, the golden yellow of chalco- 
pyrite, the lead-gray of galena, the 
black of magnetite are striking 
properties of these minerals. Sur¬ 
face alterations are likely to change 
the color of a mineral, as is shown by the golden tarnish fre¬ 
quently seen on pyrite. To observe the true color of a mineral a 
fresh surface should therefore be examined. 

Many minerals differ in color in 
different specimens. This is due 
chiefly to a change in composition, 
such as an increase of iron content 
in sphalerite, with consequent 
darkening of the color of the min* 
eral; or to impurities, such as the 
red color given to quartz by an 
admixture of hematite. Other 
minerals, such as fluorite, show a 
wide range in color without per¬ 
ceptible changes in composition. 

Color of Powder or Streak. 
The color of the streak is an 
portant aid in identifying some minerals. The streak is a thin layer ^ 
the powder df the mineral obtained by rubbing the mineral on cm Xfft* 
glazed porcelain plate known as a streak plate. The color of the streak 



Fia. 3^3. Botryaidal sfcruetiire, as abown 
by pH^blende, the chief ore xuinerBl of 
raditun and uranium. 



Flu. 352. Fibrous structure, as i^own 
by asbestos. 
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awy be similar to the color of the mineral or quite different. Fm ex¬ 
ample, some varieties of hmnatite are brilliantly black, but tiiey ^e 
a red-brown streak which positively identifies them as hematite. 

Luster. The luster of a mineral is due to the quality and intensity 
of the light it reflects. Luster must not be confused with color, fcnr two 
minerals of the same color can have totally different lusters, just as a 
black paint of shiny finish, such as an enamel, differs in appearance 
from a black paint of duU finish because it reflects light differently. 



Fio. 354. Cleavage fragmenta of galena, showing perfect * cubic cleavage. Smaller 
fragments, at right, are reflertcd in the perfect cleavage face of the larger fragment behind 
them. 


Descriptive terms are given to the various lusters. A list that in¬ 
cludes the more important is as follows; 

Metallic. Having the luster of a metal. Example: pyrite. Most minerals that 
give a dark or black streak have metallic luster. 

VitreoTJLe. Having the luster of glass. Example; quartz, 

Resinous. Having the luster of yellow resin. Bbsample; apbalerite. 

Pearly. Having the iridescence of pearl. Etample; some varieties of feldspar. 

Chreasy. Appearing as if covered with a thin layer of oil* Example: some vari- 
etiea of massive quartz. 

Siilky. Like silk, as the result of a finely Example: fibrous 

gypsum. 

Adamantim. Having a brilliant, ahnpst metallie, Iqst^'idce that of a diamond. 

Hardness. Minerals differ neatly in l^ir Imidness; oonsequmitly 
the determination of this property k mi ^poituit aid in identifying 
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tiiem. Th^ relative hardness of a mineral cah be determined by com¬ 
paring it with a series of minerals that has been chosen as a standard 
scale. The scale consists of the following minerals,' each mineral being 
haider than those that precede it. 

Scale of Hardness 

4. Fluorite 8. Topss 

5. Apatite 9. Corundum 

9. Orthoclase 10. Diamond 

7. Quartz 

The relative hardness of a mineral in terms of this scale is determined 
by finding which of these minerals it can scratch and which it can not 
scratch. In determining hardness the following pre¬ 
cautions must be observed. A mineral softer ^an 
another may leave a mark on tlie harder one which 
can be mistaken for a scratch. The mark can be 
rubbed off, however, whereas a true scratch is per¬ 
manent. Some minerals are commonly altered on 
the surface to material much softer than the origi¬ 
nal material. The physical structure of a mineral 
may prevent a correct detennination of its hard¬ 
ness. For instance, if a mineral is powdery, finely ^rho^'of Siritef* 
granular, or splintery in its structure, it can ap¬ 
parently be scratched by a mineral much softer than itself. When 
making the hardness test, it is always advisable to confirm the test by 
reversing the procedure, that is, by rubbing the unknown on the ma¬ 
terial of known hardness. 

The following materials serve as additions to the above scale. The 
convenient finger nail is a little over 2 in hardness, as it can scratch 
gypsum but not calcite. A copper coin is slightly more than 3 in hard¬ 
ness, as it can scratch calcite but not fluorite. The steel of an ordinary 
pocketknife is just over 5, and ordinary glass has a hardness of 5.5. 

Specific Gravity. The specific gravity of a substance is expressed 
as a number that indicates how many times heavier a given volume of 
the substance is than an equal volume of water. Minerals range in 
specific gravity between 1.5 and 20.0; most range between 2.0 and 4.0. 
There are various instruments that enable one to determine the specific 
gravity of a, mineral with accuracy, but ordinarily it is sufficient teK 
judge the weight of a fair-sized piece in the hand. After some experi¬ 
ence rather small differences in specific gravity can be detected in &ifi 
way, and the specific gravity of a mineral can be rm^^y estimated. 



1. Talc ' 

2. Gypsum • 

3. Calcite 
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'Common Minerals 

The more widely occurring minerals are described on the following 
pages. The student should compare these descriptions with as many 
different specimens of the minerals as possible, and should note the 
form, color, and luster of each sample and make the simple tests for 
hardness, streak, and specific gravity. 

Magnetite. An oxide of iron, a combination of ferrous and ferric 
oxides, Fe 0 'Fe 203 , or Fe 304 . 

Physical Properties. Black; metallic luster. Streak 
black. Hardness 6. Sp. gr. 5.17. Strongly magnetic; 
hence its name. Granular or massive; fairly common 
in octahedral crystals (Fig. 356). 

Occurrence. A valuable iron-ore mineral, con- 
Fio. 366 . Oo- Gaining 72 per cent of iron. It is mined in the Adiron- 
tfthodron, aa dacks, New Jersey, Pennsylvania, Utah, and in many 
other parts of Uie world. It is common as a minor 
constituent in rocks, particularly in the darker- 
colored igneous rocks. The black sand of the seashore is largely 
magnetite. 

Hematite. The ferric oxide of iron, FegOa. 

Physical Properties. Dark steel-gray to iron black; brilliant metal¬ 
lic luster (except in earthy specimens). Streak light to dark red-brown 
(not clearly apparent in some micaceous specimens). Streak distin¬ 
guishes it from limonite. Hardness 5.5 to 6.5, but not always deter¬ 
minable. Sp. gr, about 5. Granular, micaceous, earthy (in this form 
it is red), botryoidal, or reniform. Rarely in crystals. 

Occurrence. Hematite is widely distributed in rocks and is the 
most abundant ore mineral of iron. More than nine-tenths of the iron 
produced in the United States comes from ores consisting of this min¬ 
eral. The chief iron-producing districts are near the shores of Lake 
Superior in Michigan, Wisconsin, and Minnesota. Other important 
districts are in northern Alabama and eastern Tennessee. Earthy 
hematite is the pigment that gives many sandstones their red color. 
It is used in red paints and as a polishing mat 
Ldmonite.^ Mainly minutely crystalline HFe02- 

Physical Properties. Dark brown to nearijf lllftek. Streak yellow¬ 
ish brown, which distinguishes- it" fj^m bematite^^^lhough both minerals 
may be present in the same speefi^. 5 to 5.5 (but earthy 

specimens appear to be much softer). ^ gr. about 4. Commonly as 
^Commonly used as a field term for any iim oxide. See page 32. 
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botr^ddal and related forms having radiating fibrous structure; also in 
stalactitic forms resembling icicles; earthy. Stoe limonite is a product 
of chemieal alteration of hematite, and structure can not be used to 
distinguish one from the othi^. 

Occurrence. A valuable source of iron. Limonite is a common min** 
eral formed by the oxidation and hydration of the iron in previously 
existing minerals. Ordinary iron rust is limonite. It gives brown, 
orange, and yellow colors to many weathered rocks, nonweathered sedi^ 
mentary strata, and soils. 

Psrrite. Iron sulphide, FeSa. 

Physical Properties. Pale brass-yellow, but some specimens are 
tarnished to deeper shades of yellow. Streak black. Hardness 6 to 
6.5 (unusually hard for a sulphide). Sp. gr. about 5. Generally gran¬ 
ular. Common as crystals, especially as cubes whose faces are marked 
with fine parallel lines, or striae (Fig. 350). 

Ocawrrence. The most common sulphide mineral. Occurs in many 
rocks and is an important vein mineral. May carry small amounts of' 
gold or copper and so become an ore for both those metals. Is not used 
as an ore of iron, but as a source of sulphur in the manufacture of 
sulphuric acid. Its presence in building stones detracts from their 
value, as its oxidation produces not only iron oxide stains but also 
sulphuric acid, which causes the stones to disintegrate. 

Chalcopyrite (Copper Pyrite). Copper-iron sulphide, CuFeS 2 . 

Physical Properties. Golden yellow; generally tarnished to bronze 
or iridescent colors. Streak greenish black. Hardness 3.5; hence much 
softer than pyrite. Sp. gr. 4.1 to 4.3. As a rule massive, rarely in 
crystals, 

Occyrrence. An abundant and valuable ore mineral of copper. Oc¬ 
curs widely distributed in vein deposits with many other sulphide 
minerals. 

Sphalerite. Zinc sulphide, (Zn,Fe)S. 

Physical Propertiee. Commonly yellow-brown to dark brown, being 
darker in the varieties containing more iron. Resinous to submetallic 
luster. Hardness 3.5 to 4. Sp. gr. about 4. White to yellow and 
brown streak, of lighter shade than the mineral itself. Has brilliantly 
flashing: cleavage planes trending in six different directions. As a rule 
massive. 

Occurrence. The most important source of zinc. Widely distribute^ 
generally in veins or irregular bodies in limestone. Associated genm*- 
ally with galena, pyrite, and ehalcopjnrite. 

Galena (g&4e'na). Lead sulphide, PbS. 
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Physical Properties, Lead^gray. Bright metallic luster. Streids; 
grayish black. Hardness 2.5 (soft). Sp. gr. about 7.5. Perfect cleav¬ 
age in three planes at right angles to each other, forming cubes (not ^ 
apparent in finely granular specimens). Occurs in natural cubic crys-; 
tals (Fig. 354), but massive and granular aggregates are more common. 

Occurrence^ The chief source of lead. Some contains silver and 
serves as an ore of that metal. Commonly occurs with zinc minerals. 

Calcite. Calcium carbonate, CaCOs. 

Physical Ptop&rties, Generally white or colorless. Also variously 
tinted, gray, red, green, and blue. Usually opaque or translucent; 
rarely transparent. Hardness 3. Sp. gr, 2.7. Perfect cleavage in three 
planes at oblique angles to each other, giving rhombic-shaped faces 
(rhombohedral cleavage; Fig. 355). In crystals generally of rhombo- 
hedral form. Effervesces freely on application of a drop of cold acid. 
This serves to distinguish calcite from dolomite, CaMg(C03)2, another 
common carbonate, which does not effervesce under these conditions. 

Occurrence. A very common mineral. Is the chief constituent of 
limestmies and marbles; also common in veins. Used in the manufac¬ 
ture of lime, plaster, and cement, as a metallurgic fiux, and in chemical 
industries. 

Dolomite. Carbonate of calcium and magnesium, CaMg(CO0)2< 

Physical Properties, Generally white or gray; rarely flcsh-colored. 
Opaque to translucent. Hardness 3.5 to 4 (harder than calcite). 
Perfect cleavage in three planes not at right angles to each other (rhom- 
bohedral cleavage). Sp. gr. about 2.8. Vitreous to pearly luster. 
Does not effervesce when a drop of cold acid is applied, unless the acid 
is placed on a scratched or powdered surface. In this respect it differs 
from calcite. In granular masses and in crystals, some of which have 
curved faces. 

Occfwrrence, Composes the rocks called dolomite and dolomitic 
marble. Also as a vein mineral. As rock, is used as a building and 
ornamental stone; for the manufacture of some cements; as a source 
of the metal magnesium and of magnesia for refractory substances; and 
as agricultural lime. 

Gypsum. Hydrop calcium sulphate, CaS04"2H20. 

Physical Properties. Usually white or colorless. Hardness 2 (easily 
scratched with the finger nail). Sp. gr. aboU!^,^<3. Has one very per¬ 
fect cleavage; another imperfect cleavage v^lble in some specimens. 
In tabular diamond-shaped crystals or in gra^ar masses; also fibrous. 

Occuwrence. Is a minerar widely (fistributed in sedimentary rocks, 
frequently in'thick beds. It is commmsdy intear^atified with limestones 
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and #ales^ Gfenerally occurs in association with sait beds. Is ehie%' 
used for the production of plaster of Paris. 

Halite (Common Salt), Sodium chloride, NaCl. 

Physical Properties, White or colorless. Hardness 2,5. Sp, gr, 
about 2.1. Perfect cleavage in three planes at ri^t angles to one 
another (cubic cleavage). Transparent to transluc^t. Salty taste. 
Generally in cubic crystals or in masses showing cubic cleavage. 

OcciMTcnce. In thick beds interstratified with sedimentary rocks and 
associated with gypsum. Used for cooking and as a preservative; also 
extensively in the chemical industry. 

Quartz. Silicon dioxide, SiO^. 

Physical Properties. Colorless or white; but many varieties are 
colored by impurities: yellow, red, pink, amethyst, green, blue, brown, 
black. Vitreous luster. Transparent to opaque. 

Hardness 7. Sp. gr. 2.65. Conchoidal fracture. 

Commonly in hexagonal crystals similar to Fig. 357. 

The triangular faces at the ends of the crystals are 
usually smooth, whereas the rectangular faces be¬ 
tween the ends are horizontally striated, Generally 
massive, as in quartz veins. 

Varieties, There are many varieties of quartz to 
which different names are given. A few are: rock o^stS! 

crystal, colorless quartz, commonly in distinct crys¬ 
tals; amethyst, quartz colored purple or violet; rose quartz, usually 
massive vrith a pink color; smoky quartz, smoky yellow to brown or 
almost black; chalcedony, finely fibrous variety, translucent with 
waxy luster; ayate, a variegated pjaalcedony delicately banded in 
different colorsT” 

Occurrence, Quartz is one of the most common minerals. It is 
abundant in many rocks and is the commonest vein mineral. It makes 
up the largest part of most sands. It is widely used in its various 
colored forms as ornamental material. It is used as an abrasive, in 
the manufacture of glass and porcelain, in paints, scouring soaps. As 
sand it is used in mortars and cements. Quartzite and sandstone— 
rocks made up largely of quartz—are used in building. 

Garnet. Garnet is a group name, there being several kinds, which 
differ from one another in the elements they contain. All are silicates 
of analogous formulas. The most widely prevalent garnet, almandite^ 
contains ferrous iron and aluminum, Fe 3 Al 2 (Si 04 ) 8 » Other gams|j|i 
contain magnesium, calcium, manganese, and ferric iron. ^ 



PHYSICAL GEOLOGY 


^ Physical Properties. Color varies with the composition. Most eom- 
monly red or brown. Also yellow, white, green, black. Transparent to 
almost opaque. Hardne^ 7. Sp. gr. 3.2-4.3 (varies with composition). 
Generally well crystallized, cither in a form showing 12 rhombic-shaped 
faces (dodecahedron, Fig. 351) or 24 trapezium-shaped faces (trapezo- 
hedron). 

Occurrence. Garnet is a widely distributed mineral, occtirring most 
commonly in metamorphic rocks. Used as an inexpensive gem stone 
and, because of its hardness, as an abrasive material. 

Orthoclase (Potassium Feldspar). Potassium-aluminum silicate, 

KAlSUOa. 

Physical Properties. Colorless, white, gray, flesh-colored, pink, 
and red; rarely blue-green and green. Hardness 6. Sp. gr. 2.56. Has 
two good cleavages making angles of 90*^ with each other (whence the 
name of the mineral). 

Ocrwrenrc. The most comhion silicate. Widely distributed as a 
prominent constituent of rocks of many kinds, but most abimdantly 
in granite and allied rocks. Also in large ciystals and cleavage masses 
in coarse-grained rock known as pegmatite. From these pegmatites it 
is quarried in large amounts for use in the manufacture of porcelain. 

Plagioclase (pla'ji-d-klaz) Feldspars. Sodium-calcium-alumimim 
silicates. 

Physical Properties. Various shades of gray, less commonly white. 
Transparent to opaque. Hardness 6. Sp. gr. 2.6-2.76. Have two 
cleavages making angles of nearly 90° with each other, one of them 
(the basal cleavage) being better than the other. Most plagioclase can 
be distinguished from orthoclase by tlie presence on the basal cleavage 
planes of a series of striae (flne parallel lines, which resemble rulings 
made by a flne diamond point). Some cleavage surfaces, especially of 
dark-gray plagioclase, give a beautiful play of colors when specimen 
is rotated in good light. The white variety commonly occurs in thin- 
bladed crystals with curved surfaces and a pearly luster. 

Ocewireryce, In much the same manner as orthoclase. The plagio¬ 
clase in gabbrus is likely to be dark colored or black and therefore not 
easily distinguishable from the associated pyrox^* 

Muscovite (White Mica). A complex silicate containing potassium 
and aluminum. ' 

Physiol Properties. Has a perfect cleavage ^'iae direction, which 
allows the mineral to be split into exceCd^gly/lEhiii sheets or flakes. 
„^These sheets are flexible and elasfSic. Tratospaa^eUt and almost colorless 
in thin sheets^ but impurities oommoftly fcoiai' dark blotches. In 
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thicker blot'ks is op^^Que ami is colored in U^t abSides of brown 
grecE, Hardness 2 to 2.5. gr. 2 J6-3. 

Occurrence, A common rock-making mine^l. It occurs in granite 
together with quartz and feldspar^ and with the same minerals in peg¬ 
matite. It is characteristic of a series of rocks made up of abundant 
mioa^ in which it is airanged in parallel orientation, with the result that 
the rocks split in flakes and slabs parallel to the cleavage of the mica. 
These rocks are known as mica schists. Is used chiefly as an insulating 
material in the manufacture of electrical apparatus. There are many 
minor uses. 

Biotite (Black Mica). A complex silicate containing potassium, 
magnesium, iron, and aluminum. 

Physical Properties. Perfect micaceous cleavage. Cleavage sheets 
and flakes are flexible and elastic. Generally dark green, brown, or 
black. Thin sheets usually have a smoky color (differing thus from 
the almost colorless muscovite). Hardness 2.5 to 3. Sp. gr. 3.0. 

Occurrence. An abundant ruck-making mineral, common in granites 
and many gneisses and schists. 

Chlorite. A complex silicate containing magnesium and aluminum. 
A numerous group of minerals of similar properties are called collec¬ 
tively chlorite because of their prevailing green color. 

Physical Pro'perties. Perfect micaceous cleavage. Flakes are flex¬ 
ible, but are not elastic (differing in this lack of elasticity from musco¬ 
vite and biotite). Green of various shades. Hardness 2 to 2.5. Sp. 
gr. 2.65-2.96. 

Occurrence. A common rock-making mineral. The green color of 
many rocks is due to the presence of this mineral. This is particularly 
true of many schists and slates (green roofing slates). 

Serpentine. Hydrous magnesium silicate, Mg3Si20B(0H)4. 

Physical Properties. Olive green, yellow-green to blackish green. 
Luster greasy or wax-like; silky when fibrous. Hardness 2.5 to 5, 
generally 4. Sp. gr, 2.50-2*65, Usually massive but also fibrous or 
felted. 

Occwrrence. A common mineral, widely distributed. Invariably an 
alteration product of some magnesian silicate, chiefly olivine. It is the 
chief constituent of the rock called serpentine, some varieties of which 
are used as ornamental stone. The fibrous variety known as chrysot^ 
is the principal source of asbestos. 

Olivine. Silicate of magnesium and iron, (Mg,Fe) 28104 . 

Physical Properties. Olive green to yellowish green; rarely 
ish. Transparent to opaque. Hardness 6.5 to 7. Sp. gr. 3.27 to 
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Vitreoufl Itister. Conchoidal fracture, causing it to look ae if it were 
a 3 rellowi(^ jgeeen quartz. 

Occurrence, In dark igneous rocks—gabbros, peridotites, and ba¬ 
salts. 

Pyboxene akd Amfhibox£ 

These two abundant rock-making minerals are similar in some re¬ 
spects, and consequently it is difficult to discriminate them in most 
rocks, where good crystal forms are rare. However, it is well to study 

them separately under favorable 
conditions, in order to appreciate 
their differences as well as their 
points of similarity. 

Pyroxene. Silicate of cal¬ 
cium and magnesium; also vary¬ 
ing amounts of aluminum, iron, 
and sodium. Pyroxene is the 
name of a group of minerals 
comprising many varieties de¬ 
pendent on chemical composi¬ 
tion. 

Physical Properties, Light to 
dark green or black; rarely 
white. Commonly opaque. 
Hardness 5 to 6, Sp. gr. 3.1 to 
3.6 (varies with composition). In prismatic crystals with eight sides 
(Fig. 358a); in reality square prisms whose corners are truncated. 
The angle between alternate faces is therefore nearly 90°. These faces 
will fit into the comer of a box or tray. By means of these angles 
pyroxene can best be told from amphibole. Some specimens show a fair 
cleavage parallel with the faces lettered m in the figures, the angle be¬ 
tween the cleavage faces being also nearly 90°. This cleavage is not 
visible in all specimens used for demonstration purposes. 

Occurrence, Pyroxene is a highly abimdant yock-making mineral 
occurring chiefly in dark-colored igneous rocks. In these it is dark 
colored or black; the fi^t-colored or white pyr^pxene is restricted to 
the metamorphic rocks. Rare in rocks that conlifan much quartz. 

Amphibole. Silicate of calcium and fnai^lum with varying 
amounts of aluminum, iron, and nodium. Somewbat like pyroxene in 
eomposition, but contains water'of eon^ution, / 




Fio. 358;a. Cross-section of pyroxene 
(eight-sided) perpendicular to the long* axis 
of the crystal. The mineral cleaves along 
planes parallel to the faces indicated by m. 
Alternate faces (those marked m and these 
unmarked) are practically at right angles to 
each other. 

Fio. 358&. (>roes-8ection of amphibole 
(six-sided) perpendicular to the long axis of 
the crystal. The mineral cleaves along 
planes parallel to the prism faces (m), which 
make angles of 56^ and 124° with each other. 


MINERAUf 


m 

Physical Prcfpert^Sn to dark green or black; rarely whita* 

ConimoAiy opaque. Hardneae 5 to 6. Sp. gr. 2.93 to BS (vari^ with 
composition}. Commonly in prismatic crystal with six sides. Figure 
358b shows that the angles between the faces lettered m are 124° an^ 
56° (very different from the corresponding angles in pyroxene). Has a 
good cleavage parallel with the faces lettered th. 

The differing forms of the erystalsi the differing cleavage angles, an^i 
the fact that amphibole has Ibe better cleavage are the chief distinc¬ 
tions between amphibole and pyroxene. If cross-sections can be found, 
amphibole, being six-aided, can readily be distinguished from pyroxene, 
which is eight-sided. Compare Fig. 35Sa with 358b. Amphibole as a 
rule has a higher luster and yields smoother, more continuous cleavage 
surfaces than does pyroxene. Some Varieties of amphibole have long, 
needle-like crystals, resulting in a fibrous structure. Pyroxene does not 
occur in this form. 

It will bear repeating that the presence of well-formed crystal faces 
or cleavage surfaces is essential in order to distinguish between py¬ 
roxene and amphibole in hand specimens. 

Occurrence. Amphibole is an abundant rock-making mineral, occur-* 
ring in both igneous and mctamorphic rocks. 

Hornblende is a common dark variety of amphibole. 

Pyroxene and amphibole together w^ith biotite are the common dark 
constituents of many rocks. The first two can be distinguished from 
biotite by the fact that they occur in prismatic crystals that can not be 
divided into thin elastic flakes; that is, they lack the perfect cleavage of 
the micas. If present as small grains in a rock, they lack the high luster 
characteristic of flakes of biotite. They can be distinguished from 
chlorite by their much greater hardness as well as by their form and 
lack of micaceous cleavage. 
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ROCKS 

li we would know the life histoiy of our planet, we must leam the origin, etnic- 
tuml relations, and composition of our rocks,' We must discover the forces— 
chemical and phytict^-Hshit^ work iunnd' upon them,-and we must see how they 
work.-X}emge Huntington Williams. 

Rocks are tiie loaterials compQsing the units of which the Earth’s 
outw shell is built It is not possible to give a simple all-inclusive 
definition of rock. IVkstjockif’^ made up of grains of minerals of 
one or more kinds. Some, however, are made up of fragments of older 
rocks. 

Rocks differ widely in appearance and other properties according to 
the constituents present, the number of these constituents, their re^ve 
abundance, their size, and the pattern formed by their arrangement and 
association. The kinds of rocks are many, but, if classified according 
to the ways in which they were formed, they fall into three major 

I. I gneous rocks, formed by solidification of molten rock matter, 
as exemplified by the^rocks formed by'the cooling of laya 
poured out from a volcano. 

n. Sedimentary rocks, most of which were formed by their sub¬ 
stance settling as sediment from a body of water. 

III. Metamorphic rocks formed from pre-e}(isting rocks by the de¬ 
velopment of new characters as the result of heat, deforma¬ 
tion, or other geologic agents acting on the pre-existing rocks 
within the Earth’s crust. 

Every rook carries within itself more or less evidence of its mode of 
As one of the prime purposes of geolo^^is to determine the 
constitution, structure, and histcuy- of tim the recognition 

of rocks and the ability to jhteipret their,is of fundamental 

m 
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CliABA.CmS!B& UflW IN Z&ENTITTINQ ROlCaEB 

joropert^ most useful ^ iden^fying r^ka are sfrue ittysj fsurfwe. 
h ardness, and /rocf ure. ”** 

Stsvcture is tern used for the larger features the ooustructiou 
and arrangement of the ports of rocks. Layering Is such a feature; ^ 
generally indicates sedimentary orig^ If a rock contains apharieal 
or ahnond-shaped cavities called vesicies (“hlowholes" formed by eae- 


Fig. 359. AmygdaloidAl stnieturG. The eavitiea, origmally ^herical and almond- 
shaped, became filled with newly deposited minerals forming amygdalea; the resulting 
rock is an omygdaUnd, The circular cross-sections of the amygdales contrast with the 
rectilinear boundaries of the phenocrysta in porphyi^ies (Fig. 361). 

pansion of gases liberated from the surrounding molten rock matter), 
it is said to have a vesicular structure; such a structure indicates that 
the rock having it is of igneous origin. If the vesicles become filled with 
minerals, the resulting structure is called amygdaloidal (Fig. 359). 

Teatiare is the appearance of a rock as determined by the size, shape, 
and arrangement of its constituent mineral grains. The magnitude of 
the grains determines the gram size of the rock: if the grains are as 
large as peas, the rock is coarse grained in texture; if they are the size 
of those in granulated sugar, the rock is fine grained. If a rock is made 
up of grains large enough to be recognized by the unmded eye, it is e^ 
to be phanerocrystalline, or more shortly, phaneric (f&n-i'rik). If the 
grains are so small that they can not be distinguished as individuals by 
the unaided eye and the rock seems to be a homogeneous substance, the 
rock is said to be aphomtie. 4 
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Bhape of tiie mixieral grains and their anangooeat with respect 
to one anotiier pooduce a characteristie pattern, called the ftibric of the 



F. C. CalhmB, U, &. Qtdo^ruxd iSurvey 

Fra. 360. Equijsranular igneous rock. Granite from Glacier Point, Yoseinite Valley, 

Calif omiak 

rock. For example, a rock composed of grains of about one size has an 
equigranidar fabric (Fig. 360), and a rock in which the grains differ in 



Fia. 301. Porphyry; contains many well-formod phenoci^^iStB (the white orystals of 
feldspar), Winch are indoeed in an sphanitiG groundmass. 

size has an inequigrarvular fabric. A epoiinoa iton of inequigranular 
fabric is called porphyritic, in which large cnas|d<fboaB crystals are in- 
closed in a fine-grained or aphahitic niat^‘^'<^ii^tnatrix is called the 
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groifflldam; aad (fas large mmspicuous ciystals inelond in ii ttce ealkd 
phawcrifStt <f§'n6-laiBtB), A atrikin^y porphyritiiis rock is showi in 
Fig> 3^1. The ejqplanation of the orig^ of the poiphyiitio fafaj e is 
gi-mi on page 296. 

Certain textwM are of d^ite in idhntifsdng roi^. 
jure of a gwaite, ^ich is so distinetive that it is termed the gra^c 
ta^re, pro^'hot only that the granite is of igneous origin, but also 
that it formed und^ conditions of .slow undisturbed cooling. A rock 



Fiq. S62. Conchoidal fraoture in voIrbuIc glaBs. 


of glassy texture is also of igneous origin, but the glassy texture shows 
that the rock, unlike granite, was formed by the rapid solidification of 
molten rock matter, for a natural glass is the result of drastic chilling. 
Clastic texture, which occurs in rocks that are made up of angular or 
more or less rounded fragments of minerals and rocks, is characteristic 
of many sedimentary rocks. Other textures are described in connection 
with particular rocks. 

Hardness is useful in distinguishing between certain kinds of rocks. 
Many rocks resemble limestone, but the test for hardness with the 
knife point serves at once to distinguish a limestone, whose hardness 
is 3, from the much harder rocks that resemble it. 

Fracture is a less useful property. However, perfect conchoidal frac¬ 
ture c^haracterises volcanic glasses fFig. 362); and a semi-concfaoidal 
fracture yielding shell-like ti’agments charaetmzes shales. Most meta- 
morphic rocks tend to split into slabs or thin flakes, and tiiis property 
is a valuable aid in tiieir recognition. - ^ 
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iGNBOtm Rocks 

fimoe rQtks formed bp the congelation of molten rock matter vary 
in texture and in compoeitioni these two features are used in classify¬ 
ing the igneous rocks. By taking texture as the criterion for sub¬ 
dividing the igneous rocks, we obtain five major classes: 

I. Equigranular phanerites, in which all the component min^als 
are about the same in sise and are large enough to be identified 
by the eye alone or aided by a pocket lens. 

II. Porphyntio^granvlar, in which certain minerals—^the pheno- 
crysts—by virtue of their large size contrast conspicuously 
with those which surround them, thus forming a porphyry 
having an equigranular groundmass. 

III. Porphyritic-aphanitic, in which the large crystals—the pheno- 

crysts—^are set in an aghanitic groundmass. 

IV. Aphanite&j in which all the constituents are indistinguishable by 

the unaided eye. 

V. Glasses, in which few or none of the constituents have crystal¬ 
lized. 

This order from Class I to Class V marks in a general way the de¬ 
creasing amount of easily recognizable minerals in rocks: in Class I, 
all the constituents can be easily distinguished as individual grains by 
the unaided eye; in II, the phenocrysts can be easily distinguished, but 
the constituents of the groundmass less readily; in III, the phenocrysts 
alone are distinguishable; and in IV, none of th^ constituents can be 
recognized. 

Each major class is then subdivided on the basis of its mineral com¬ 
position—on the kinds of minerals present and the proportions in which 
they occur. To these subdivisions the actual rock names are given. 
For example, an equigranular rock composed of feldspar, quartz, and 
generally also a dark mineral, as a rule biotite, is called granite. 

By applying these principles, the following classification of igneous 
rocks is obtained, as shown in the accompanying table. 

Remarks on the Table. The glassy rocks, which are rare, being left 
out of account, the following remarks should aid in making clear the 
Glassification of igneous rocks shown in the table. ^ 

All rocks in the same horizontal row have tlie 'Mme texture. 

All rocks in the same vertical column have esseMlally the same chem¬ 
ical composition; for example, granite, granite pnrphyry, and rhyolite 
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are alike in chemical composition. In physical appearance, however, 
they differ notably: a granite differs somewhat from a granite porphyry, 
and vastly from a rhyolite. Yet it is possible to assemble a series of 
specimens that will bridge by imperceptible gradations the vast gap 
between granite and rhyolite. The differences between granite, granite 
porphyry, and rhyolite are mainly the results of different rates of cool¬ 
ing of magmas of identical composition. When such a magma,cools 
slowly within the Earth's crust it forms granite, whereas the same 
magma, if erupted on the Earth's surface where it would be drastically 
chilled, would solidify as rhyolite. In the same way a magma that 
would yield diorite in depth would, if erupted at the surface, eolidify as 
andesite; and a magma that yields gabbro in depth solidifies as basalt 
on the Earth's surface. These facte"can be 'epitomiied“thus; rhyoffie 
is the extrusive equivalent of granite; andesite is the extrusive equiva¬ 
lent of diorite; and basalt is the extrusive equivalent of gabbro. 

The rocks in which the light-coliu^ minerals predominate are 
in color and light in weight; that is, they aare of low specific gravity. 
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rodbB m which the daik (ferromagnesian) minerata {nedominate 
are dax*kiti color and heavy in w^ght. Hie range in specific gravity— 
froim 2.67 lor the average*granite to 3.0 for gabbro—^is not large, but is 
sufficient after experience to serve as an aid to identification. 

Althou^ in the table each rock is in a separate compartment, in 
Nature no rock variety is as sharply delimited from its ndghbors as it 
seems to be in the table. For example, there are transitional varieties 
between granite and diorite and between granite and granite porphyry. 
No hard and fast boundaries set off any of the so-'called rock species. 
These facts often make it difficult to classify a given rock. Further 
difficulties are presented by the finer-grained rocks, especially the 
aphanitic group. When accurate identification of a rock becomes a 
matter of high importance, recourse must be had to the microscope. 

GQXnGR/^NTTLAB PHANEBITES 

An equigranular phanente is” the result of slow cooling, or of slow 
cooling combined with retention of the gas content in the cooling 
magma until a late stage in its solidification. Typically, then, the 
phanerites occur in deep-seated intrusive bodies, especially in batho- 
liths (p. 289). In such deep-seated masses cooling was necessarily long 
protracted, and the pressure was sufficient to keep the gases within the 
magma and to allow them to exercise their power of promoting coarse 
crystallization. Hence these rocks are often called deep-seated rooks or 
plutonic rocks in fanciful reference to the realm in which they orig¬ 
inated. 

Gk'anite. As may be seen from the scheme of classification, granite 
is composed largely of quartz and feldspar (mainly of the variety or- 
thoelase). It contains also as a rule some mica, generally the black 
mica biotite; less commonly it cemtains hornblende, or hornblende and 
biotite together. All these component minerals are roughly of the same 
size, and large enough to be recognizable by the unaided eye. Hence 
granite is said to be equigranular and phaneric. The minerals began 
to separate from the magma in a definite order; first the dark minerals, 
hornblende and biotite; then the feldspars; and last the quarta. The 
daric minerals, being the first to crystallize^ were not hampered m their 
growth by the presence of any neighbors, and so are generally in the 
form of sharply defined crystals; and the feldeqp^, having l^gun to 
grow later, are less well crystallized, fof where fibutted upon the 
earlier-formed dark minerals thdr freedom to was hampered. As 
the quartz was the last minerahto separate from ^e magma, it had to 
t^e what space was left, and it istiiemfone molded around the earlier 
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wmmii wd occupies iiie smpdar iutmpaiccs t>etw60st 
hsbit QiHie quaHs produces an m&m&tely inteipeu 0 |»a^tib|S and Inter* 
tockitti^ arrangement. This interlocking equigranular p^aiieric texture 
is so characteristic of granites that it is called f^ehori gf^a^ic AnSure. 
It Bi^ee to distinguish rocks of Class 1 from aB others* 

Closely allied to granite is granite pegmatite^ 'which is coiftposed 
idiiefly of potassium feldspar and quartz and has an abnormally coarse 
grain* 

The average granite contains 60 per cent of feldspar, 30 per cent of 
quartz, and 10 per cent ol dark minerals. There are many varieties of 
granite, based on color, texture, and composition. Its common occur* 
rence is shown in the fact that there are few States in the Union or Frov- 
incos in Canada that do not contain exposures of granite; and its use as 
a building and monumental stone is well known. 

Syenite is much like granite in composition but differs in containing 
little or no quartz. It is not a common rock, nor does it as a rule occur 
in large masses cmnpared with the enormous bodies of granite. 

Diorite. Dwrite is an equigranular igneous rock composed of feld¬ 
spar and one or more dark minerals, in which the feldspar is more abun¬ 
dant than the dark minerals. The feldspar is mainly plagioclase, but 
Unless the characteristic striae on the basal cleavage planes of the 
plagioclase can be seen it is generally difficult to recognize the plagio¬ 
clase with the unaided eye. The dark minerals are biotite, hornblende, 
or pyroxene, occurring either singly or together. 

Gabbro. The average gabbro differs from the average diorite in that 
the feldspar is subordinate and the dark minerals predominate. Horn¬ 
blende, pyroxene, and olivine are tlie common dark minerals, occurring 
singly or together; biotite, though present in some gabbros, is distinctly 
uncommon. Because of the prevalence of dark minerals, gabbro is 
dark and of high specific gravity. Dolerite is a convenient term for the 
basic rocks that in grain size are intermediate between basalts and 
gabbros. 

Peridotite. Peridotite (per'i-do-tit) is composed wholly of ferro- 
magnesian minerals, with olivine predominating. It is not common 
and generally occurs as minor intrusive bodies—dikes, sills, and stocks 
(p. 292). It is interesting and important, however, as being the aource 
of ones of chromium, nickel, and platinum, and of some of the ores of 
iron. It is generally dark or black, and heavy from the large amount 
of iron-bearing minerals present. 

A notable feature of peridotite is its tendency to alter to a dgrk- 
green rock, serpentinite^ In this change tiie minerals of the peridotite 
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eombme with Bome 14 per cent of watofi and added water causes 
a large expansioti of volume, which in turn causes much intemal move¬ 
ment in the attempt of the mass to accommodate its mcreased volume. 
As a result the serpentinite, or '^serpentinized peridotite/’ is traversed 
by countless smoolh shiny surfaces known as slickensides (p. 374). 
Most peridotite masses the world over are more or less serpentiniaed. 

Pyrox^nite, as its name implies, is composed wholly of pyroxene, and 
homhleiidite consists entirely of hornblende. As a rule these rocks form 
bodies of small size; nevertheless, in places, as at the remarkable plati¬ 
num deposits discovered in South Africa, pyroxenite occurs in vast 
volume. 

POBPHYBITIG-OBANULAB BOCKS 

The distinguishing feature of rocks of this class is that they contain 
phenocrysts imbedded in a groundmass so coarse grained that its com¬ 
ponent minerals ran be recognized by the unaided eye. The pheno- 
crysts in most bi these porphy^cies are abundant, making up half or 
more of the bulk of the rock. If they exceed 75 per cent of the volume 
of the rook, they are so crowded that the porphyry is indistinguishable 
from the corresponding granular rock. 

Porphyries are common as minor intrusive bodies: as dikes, sills, 
volcanic necks, stocks, and laccoliths (p. 287). They do not occur as 
batholiths. 

Granite Porphyry, Diorite Porphyry, etc. The typical granite por¬ 
phyry contains conspicuous crystals of feldspar, quartz, and biotite, 
which are set in a granitic groundmass. As its name implies, its com¬ 
position is like that of granite; it differs from granite in having pheno¬ 
crysts, and on the average the grain of the groundmass is finer than the 
grain of the average granite. 

Diorite porphyry differs from granite porphyry in containing no 
quartz phenocrysts and in having many phenocrysts of plagioclase 
feldspar. 

POBPHYBinC-APHANITIC BOCKS 

Rocks of this class are generally of volcanic origin. Extruded upon 
the Earth's surface, the magmas from which they were formed have 
cooled rapidly. These rocks are charact^sed 1^. the occutrenoe of 
porphyritic crystals set in a groundmass that is s# fine grained as not 
to be resolvable by the unaided eye or else is partly or wholly glassy. 

miyolite. RhyoliU represents the aphaui^ lava form of the mapna 
that at depth consolidates as granite. It containa'^llieoocrystB of feld¬ 
spar, quartz, and biotite, and rarely of hor&bleaidEai The plmocrysts 
range in abundance within the wide^ limits,aqi(| 0 ^tbere is a complete 
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tnixisit^ from ta highly porphyritk rhyoliis, ti ^ 

mxtduot of phenocry«t$ 2S p&: of the volume^ the mk is 

hy some sailed a rfej/oiiie porphyry. The solars range fronii white to 
gray, pink, red, and purple. Rhy<^tes and andesites with inconspiou- 
om phenocrysts or with few or no pfamocrysta are imned felsites^ 

Andesite^ Andesites are of many colors, but m general they, are 
darker than the rhyolites; dark gray and black are common. They 
are transitional on the one hand into rhyolites; on the other, into 
basalts. The average or typical andesite occupies the intennediate po¬ 
sition. The darker andesites are of basaltic appearance, but unlike 
basalts their freshly broken thin edges are tranduccnt when held in 
bright light. The phenocrysts in andesite commonly consist of striated 
feldspar and one or more dark minerals (hornblende, pyroxene, or 
biotite). Quartz phenocrysts are absent (distinction from rhyolite). 
Andesite containing many prominent phenocrysts is by some called 
andesite porphyry. 

Andesite and andesite porphyry are enormously abundant among the 
extrusive rocks of the globe. They are the chief products of the vol¬ 
canoes that fo]:m the '^circle of fire” surrounding the Pacific Ocean. In 
fact, their prevalence in the Andes of South America caused them to 
be given their name. On account of their great abundance and their 
many differ^ces in color, texture, and mineral composition the variety 
of andesitic rocks is legion. 

Felsite. The difficulty of discriminating between rhyolite and an¬ 
desite that are devoid of phenocrysts makes it necessary to use an 
elastic noncommittal name. For the light^colored rocks of this class, 
namely those which are white, light to medium gray, light pink to dark 
red, pair yellow or brown, purple, or light green, rather than dark green, 
dark gray, dark brown, or black, the term felsite is convenient. 

Some f elsitcs that appear in hand specimens almost as dark as basalts 
should be examined on their thin edges, where the rock is seen to be 
almost white from transmitted light. Basalt specimens are dark even 
on thin edges. 

Basalti Lavas that are dark gray, dark green,, brown, or black are 
termed basalt, the common extrusive equivalent of the basic ma^as. 
Basalts are either compact or vericular (p. 309). If the vesicles have 
become filled with some mineral, such as calcite, chlorite, or qjuartx, the 
fillings are called amygdales, and the rock is termed an amygdaloidal * 
basalt. Many basalts are without phenocrysts, but others have abun¬ 
dant conspicuous phenocrysts, consisting of olivtoe, or pyrQ3Qei]l|, or 
less commonly plagioclase, or some combination of these, Tber^OirCf 



PmsiCAL QWOWQY 

of tgoeow Books basalt is i^wii to fall in both Claases 
IH and IV. The pbenooiTstB are hard and have straight, oleao^ut 
bomidaalsa^ whereas most amygdales are soft and have irresula^t 
fOlutdishf or elhptieal boundaries. 

JSasalt is by far the mdst voluminous of the extrusive rocka The 
enomous tracts In western America, India, and elsewhere that have 
been flooded by outpourings of basalt are mentioned in Chapter 

J>0Uf4t^ is the^ name pven td-the coarser'-grained basalts, in which 
the are large enou^ so that the otMastitoent minmikls are nearly 

or quite reoogmsjable. There is no hard-and-fast ime betwmi basalt 
and doterite on the one hand and dolerite and gabbro On. the other. 

GLASSY noCKS 

Volcanic 0 la 98 occurs as thin crusts on the surfaces of lava^flc^ and 
as lava flows that have cooled rapidly. Most glasses are the products 
of the Chitling of silicic magmaa^(p. 299). Brilliantly lusteous volcftnic 
glass is called obsidian^ and the duller and more pitchy-lustered variety 
is pitof^tcne. Pumice is frothed glass. Natural glasses, like the ob¬ 
sidian of Obsidian Cliff, Yellowstone National Park, commonly contam 
crystallised minerals in the form of small spheres which have a lAdi- 
ating or spokelike structure and are known as spherulites. 

Obsidians are generally dark colored to black. Yet many of them 
correspond in chemical composition to ..rhyolite and granite^ hence 
they seem to contradict the rule that nearly all rocks of siliceous com¬ 
position are li^t colored. However, if a piece of black obsidian is 
chipped to a thin edge it transmits the light and loses much of its dark 
appearanecv The deep coloring is the result of the'uniform distrilmtion 
tl^oughout the glass of a relatively small amount of dark material. 

Basalt glass is of rare occurrence. Its formation requires extremely 
drastic chilling and rapid solidification of basaltic magma. 

Sedimentary Bocks 

Sedimentary rocks are formed principally in two ways. Some are 
formed by the accumulation of fragments deriv^ from older rocks: 
detritus consisting of rock and mineral particlea is carried away from 
its source rocks by water, wind, or ice, is eventually deposited, and be¬ 
comes haijNlened into rock. Detrital rocks thqs lornied are classified 
according to the sii^ of the constituent g^bis The second 

principal class of sedimentary rOdm is itHSuie of ^Uteterial formerly dis-, 
flulvud in ihe sea <and to a in lakes^^ from which it haa 

ssqparated eithei* in the fcam of or^n^ms or as chemical 

precipitates; rcK^ of this origin are ciassSpiiG^ ai^ordlng to composition ^ 



lair mos^ ndnindw)^ sedialmtaty tocks aie 
Kia wiftae, a ad ooa^temaraiticiit ' i * 

’°'€oiigUnia 9 rate consists at grsTel &st biwi/becoas 
The pebi^ in it ate more less KHinded {Jig. 3^), having 'beeoitte 
w«((X -ffoseL }gr abrasuai (iaxkig stream tnmspcnrt <st In^Eteting by 
waees in the dioie none. 'Kvegr econ^tofnM^iofMiy ldn^^imts|a« 



Fta. 363. Congloiaeratci, oontaming well-roaaded pebbles- About olle-'lll^f uaturel iilee. 

erally of some durable material, such as quarts and quartsite. The 
filling in the interspaces between the pebbles consists of sand ami a 
cement, which may be silica, clay, iron oxide, or calcium carbonate. 

Breccia (bret'shia) is like conglomerate, except ihatmost of the &ag- 
mmits, instead of being water-wom pebbles, are toigular, with sharp 
iHlges and unwon» comers. No sharp demarcation separates hteocia 
aivd conglcmeiate, since .the distinction between them rests on the 
t hap a of tlie constituent fra^oents, which ranges from complete angp- 
larity through subangularity to complete roundnesn. Breccia, in blief, 
is a coarse angular detrital rock. A fira^ cemented alluvial 
is termed fanglomarate (Pig. 178, p. and that of glaciid ori^ is 
termed tiUite (n. 17ft). 




« remit osc^tocFT 

<id». k ^nide s^ige of etAass: ynilmF ^b/S^^veiSk 

fe4, aiiul l8iQnnl4fi« taoslb ooaxRWm halb^s^ 0^4^ 
ijwr, - ^ ' 

PrejmHea. Cond^ of fize^ 

CSocnw diiodstoae snx^ oa^|^3ll|emt»; on liie o^w h«Gi!i‘,^|^ 
gl^&ed «ct{de»)Bto the Imsvz ho&% 

&» a ewaNiOne bnog thet at &eritt(iivid^ gtaloa are 

lAaittiri^atib^durahfeiaatei^ TlwwMaiil^EaiiiiQerB^ 
e m i pik k fy f the htterspaoes between the fprainjf |e the eemeat. tit 
fkxtat^ aai^litzahility <6i a eaedetoitt 4epei»il oh the patum of itt 
ceeu^ |i^ the {xurnty d^)eiuli oe the eatc^ ht ehlehihe B;ia^ be 
tween ^e grains have not ]»en ^ed. As in con|^iotserBtf&, th^' cement 
^lers in #Sue^ tmndstim^ AaUiceimcemeiititrodutseethtetmiig- 
«it and asastdtmible sandstone. . > 

Bandsttme when fraetered hceaks aroimd the grains instead ol 
through than, heeauseihe Veins are Btrongerthan^ cement' There- 
fore sand^ione im ite hroiKn eui^aces has a gritfy feel. In quartzites 
(p, 5i7€), however, the grains are so firmly cemmited that fract^nn^ 
takes place amoes the grams instead of around them. * 

Arkow is a feldi^r-bearing sandstoim more or lots resembhng s 
gcuiite. The feldspar can be reoc^ised by its eleavage planes, whiict 
refi^ flashes of li^t as the specimen is turned from side to side whjU 
being exglitraed. If an arbose emttams biotite, its resemblanee tc 
granite is greatly heightened. Arkose and granite can be ebstinguished 
hy the fast that in the arkose the quarts is in angular or subanguim 
particles, hrsteud of being molded around the felds^hr as it is in granite. 

Slltstone. Siltisj^e is silt that has been converted Into rook.- Il 
is hitermediato m igrain size between sandstone and shale. 

Slmle. Colon Cray m various shaded neriiaps most common; %i 
red and pink in many shades, brown, bufi, green, and black are ain 
common. ^ 


Fhysical Proportm. Shale is so fine gramed as to appmu^ hemoge^ 
ntnus to the unaided eye. It is soil enomh to .|ta earily scraUdi^t 
Typbally it has a gtsooth ^ ahn^ g^mg^fee^lMft a smaE ameimf 
of &e said in ooitiKM^n nmken, i«V gritty. A 

sismiOfHiehtddal fraeture is eommnu-in riiai^ cWBj^a iy w pand^ 
th^i&ebeid&tghd;hthhnidmlhUl^plate«'>gr#ipB». “ , < 

. IShaie iB^'essea^yAfiy rda^ ruck Itfh 

Ihs^lgrahyr hd elsyey tpoistitnf^ adji 





